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In this paper, the electromagnetic �EM� tunneling phenomenon in a sandwich structure consisting of an
mu-negative �MNG� medium, air, and an epsilon-negative �ENG� medium is investigated by means of the
transfer-matrix method and microwave experiments. Both results demonstrate that by properly choosing pa-
rameters, EM waves can efficiently tunnel through a long distance over several hundreds times the length of
the device. Unlike in the ENG-MNG slabs, the electric and the magnetic field of the tunneling mode is
interestingly separated and localized at the interface of MNG-air and ENG-air, respectively. Therefore, this
structure may be important for potential applications in wireless information and energy transmission, for its
high efficiency, security, and health.
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In the last decade, people’s knowledge about electromag-
netic waves expanded quickly as a new concept, metamate-
rial, was introduced �1–13�. Metamaterials include double
negative �DNG� materials and single negative �SNG� mate-
rials. For DNG materials, both the permittivity and the per-
meability are negative; for SNG materials, only one, either
the permittivity or the permeability is negative. In metama-
terials, the propagation of electromagnetic �EM� waves ex-
hibits lots of unique properties, leading to some extraordi-
nary applications, for instance, subwavelength lensing,
electromagnetic cloaking, and so on �5–10�. In particular, the
phenomenon of light tunneling in opaque SNG metamateri-
als has attracted many people’s interest recently �11–13�. Al-
though an isolated SNG metamaterial is opaque, for the rea-
son that the wave propagating in it is evanescent, a conjugate
matched pair made of epsilon-negative �ENG� and mu-
negative �MNG� metamaterials will be transparent.

Recently, nonradiative electromagnetic transfer has at-
tracted many people’s interest for its promising applications
in wireless information and energy transfer �14,15�. Another
scheme is described as follows: When two resonant objects
work at the same frequency, they tend to efficiently exchange
energy through evanescent wave coupling; if any one of
them is turned off, the electromagnetic energy is just highly
localized around one resonator, almost without power losses.
These properties are found useful in the quickly developing
wireless technologies—WIFI, Bluetooth, ID tags, and so on.
As we know, a traditional wireless system should include
two antennas at least, with EM energy propagating between
them in the form of a plane wave. As the antenna emitting
EM waves cannot tell whether any receivers exist in its func-

tional area, it has to work endlessly, with massive unneces-
sary power losses. Moreover, as most of the antennas used in
wireless communication are omnidirectional, only a small
part of the EM energy is received by the receiver, with most
energy spreading to the wide and empty space. This reveals
another reason for the inefficient use of power in traditional
antenna systems. In order to increase the received signal
strength, a common method is to enlarge the emitting power.
However, it could cause another unwanted security problem:
your wireless signals may be received by your neighbors. In
addition, the enlarged EM signals may do harm to people’s
health. In order to solve these problems, new concepts must
be introduced.

In this paper, we investigate the EM tunneling phenom-
enon in a MNG-air-ENG structure, implied by the common
property of evanescent wave coupling both in the nonradia-
tive EM transfer system and in the SNG slabs. By means of
the transfer-matrix method and microwave experiments, we
investigate the transmission properties of this sandwich
structure including an ENG slab, air, and a MNG slab. Both
results demonstrate that by properly choosing parameters,
EM waves can efficiently tunnel through a long distance in
air that is over several hundreds of times the length of the
SNG slabs. Unlike in the ENG-MNG slabs, the electric and
the magnetic field of the tunneling mode are interestingly
separated and localized at the interface of MNG-air and
ENG-air, respectively. Therefore, this structure may be im-
portant for potential applications in wireless information and
energy transfer, for its high efficiency, security, and health.

First we investigate the tunneling phenomenon in a MNG-
air-ENG structure by means of the transfer-matrix method.
Let a wave be normally incident from a vacuum onto the
MNG-air-ENG structure, as shown in Fig. 1. The black, the
light gray, and the gray regions denote the MNG material,*Corresponding author; liyunhui@mail.tongji.edu.cn
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the air, and the ENG material, respectively. For each layer,
we obtain a 2�2 transfer matrix, given as

Mi = � cos �i
i

�
sin �i

i�i sin �i cos �i
� ,

where �=� /n and �=kd. The transfer matrix that includes
the entire three layers can also be given as

M = MAMCMB = �A B

C D
� ,

where MA ,MB ,MC are the transfer matrix for the MNG,
ENG, and air layer, respectively. Therefore, the reflection
coefficient r and the transmission coefficient t can be figured
out as follows:

r =
A�0 + B�0�0 − C − D�0

A�0 + B�0�0 + C + D�0
,

t =
2�0

A�0 + B�0�0 + C + D�
.

If there is no absorption, we can obtain the perfect transmis-
sion condition �T= 	t2	=1� when the reflection coefficient sat-
isfies 	r	=0, given as
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 1

�B
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 1

�A
− �A� = 0. �2�

By utilizing the two equations above, we can exactly deter-
mine the tunneling frequency of the MNG-air-ENG struc-
ture. In particular, in the case of dC=0, e.g., �C=kCdC=0, the
above equations can be written in a simple form as

�A = − �B, �A = �B, �3�

�A = − �B, kAdA = kBdB, �4�

which is a familiar result that determines the tunneling fre-
quency of two pairing single negative slabs, for instance, the
ENG-MNG pair. The above analysis also shows that, if any
one layer of the composite structure is removed or its param-
eters are changed, the tunneling phenomenon will no longer
exist, leading to flexible control of the wireless transfer de-
vices. This property also implies that the inefficient energy
loss in traditional wireless antenna systems may be avoided.
In addition, at the tunneling frequency the distance in the air
layer that the EM waves tunnel through can be determined
exactly by the resonant condition. Therefore, it is optimistic
to achieve a wireless information transfer system with high
security.

Next, a Drude model is used to describe the isotropic
single-negative materials, given as

�A = �a −
�

�2 , �A = �a �5�

in ENG materials and

�B = �b, �B = �b −
	

�2 �6�

in MNG materials. These kinds of dispersion for �A and �B
may be realized in special metamaterials �16�. The angular
frequency � /2
 is in units of GHz. In the following calcu-
lation, we choose a set of parameters of �a=�b=1, �a=�b
=1, and �=	=400. The thicknesses of the ENG slab, the
MNG slab, and air are assumed to be dA=20 mm, dB
=20 mm, respectively; dC=1000 mm, corresponding to a
considerable distance between two wireless devices. We con-
sider the transverse electric wave case, e.g., the electric field

E� lies in the y direction. The treatment for the transverse
magnetic wave is similar. After we depict the calculated
transmittance of the MNG-air-ENG structure in Fig. 2, it is
clear that the EM energy completely tunnels through the
composite structure at f0=72.5 MHz, shown as the solid

MNG Air ENG

dA dBdC

FIG. 1. Schematic of the sandwich structure consisting of ENG
material, air, and MNG material.

FIG. 2. The transmittance of the MNG-air-ENG structure with a
different thickness of SNG materials �the length of the air is
1000 mm�.
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line. In this case, the sizes of the SNG slabs �regarded as
emitting or receiving devices� that participate in the wireless
transfer are smaller than the distance between devices by a
factor of R=Ltrans /Ldev=dC /dA=1000 /20=50. According to
Ref. �15�, if the ratio R of a wireless transfer system is larger
than 2–3, the wireless transfer can be regarded as midrange.
Compared to the results with �40% efficiency at the ratio
R=8 in Ref. �15�, our structure shows the possibility to ob-
tain a highly efficient wireless device with a functional re-
gion beyond midrange. Furthermore, the results in the cases
of dA=dB=10 mm and dA=dB=5 mm are also given in Fig.
2, shown as the dotted line and the dashed line, respectively.
It is found that when the length of the SNG slabs is short-
ened by 4 times, the frequency shift of the tunneling mode is
only 5%. In the meantime, R=Ltrans /Ldev=dC /dA=1000 /5
=200. The ratio R is increased greatly due to the deep sub-
wavelength size of the SNG slabs. This means the tunneling
phenomena still occur through a long distance over several
hundreds of times the length of the device, which is far be-
yond midrange. Of course, in our case the air gap width
constitutes about a quarter of a wavelength, which is not a
long distance in electrical units. However, this distance be-
tween devices is long enough for the subwavelength SNG
wireless devices working at a low frequency below
100 MHz.

Moreover, the electromagnetic field distribution of the
tunneling modes with its frequency at 1.389 GHz corre-
sponding to the parameters of dA=20 mm, dB=20 mm is
shown in Fig. 3. In contrast to the traditional resonance or
tunneling phenomena, amazing results are obtained that the
electric field and the magnetic field are localized at a differ-
ent location: The electric field is localized at the interface of
the MNG layer and air but the magnetic field is localized at
the interface between air and the ENG slab. By utilizing the
ENG medium as a wireless receiving device, it will benefit
the people that carry it for the reason that the magnetic field
localizing at the interface between air and the ENG slab will
not interact with common environmental objects.

Finally, microwave experiments are carried out to verify
the properties of the ENG-air-MNG structure mentioned
above. The ENG and MNG media are implemented by peri-
odically loading lumped-element series capacitors �C� and
shunt inductors �L� on a coplanar waveguide �CPW�. The
CPW transmission line is designed with a center conductor
width of 4.5 mm and a slot width of 0.52 mm. The substrate
is FR4 with a thickness h=1.6 mm and relative permittivity
�r=4.75. For these parameters, the effective relative permit-
tivity of the CPW transmission line is �re=2.446 and the
characteristic impedance is Z0=50 �. In addition, the length
of the unit cell is d=8 mm. In this case, when we choose the
parameters of L=5.6 nH and C=3.0 pF, we will obtain ENG
media in the frequency range from fc1=1.75 GHz to fc2
=3.15 GHz for experiment value and the MNG media can be
acquired in the same frequency range as for the parameters
of L=15 nH and C=1.0 pF. Utilizing the ENG and MNG
media implemented by loading lumped-element series ca-
pacitors and shunt inductors on CPW, we can fabricate a
structure shown in Fig. 4 to verify the properties of the ENG-
air-MNG structure. Here, the CPW transmission line �TL�
between the ENG medium and the MNG medium could be
considered as a normal medium, taking the role of air. The
simulated �by CST Microwave Studio� and measured �by the
Angilent 8722ES network analyzer� S21 parameters are
shown in Fig. 5. The simulated results show clearly that there
exists a tunneling mode at f0=1.95 GHz, which agrees well
with the experimental observation of the tunneling mode at

FIG. 3. The electromagnetic field distribution corresponding to
the tunneling mode in the MNG-air-ENG structure �the origin is at
the starting side of the MNG material� dA=20 mm, dB=20 mm,
dC=20 mm.

FIG. 4. �Color online� The photograph of the sandwich structure
fabricated using CPW with lumped element capacitors �C� and in-
ductors �L� loading.

FIG. 5. The simulated and measured S21 parameters of the sand-
wich structure shown in Fig. 5.
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1.98 GHz. Figure 6 shows the simulated electromagnetic
field distribution at the middle slot of the CPW along the
structure shown in Fig. 4 corresponding to the tunneling
mode. It can be seen that, similar to Fig. 3, the electric field

and magnetic field are localized at different interfaces, re-
spectively.

In conclusion, we illustrate that there does exist an effi-
cient tunneling mode in the MNG-air-ENG structure by
means of the transfer-matrix method and microwave experi-
ments. The results show that the tunneling phenomena can
occur through a long distance over several hundreds times of
the length of the device, which is far beyond midrange. The
distribution of the EM fields demonstrated that, unlike in the
ENG-MNG slabs, the electric and the magnetic fields of the
tunneling mode are interestingly separated and localized at
the interface of MNG air and ENG air, respectively. Finally,
the resonant condition of the MNG-air-ENG structure is also
discussed to determine the exact tunneling frequency. There-
fore, the MNG-air-ENG structure may be important for po-
tential applications in wireless information and energy trans-
fer, for its high efficiency, security and health.
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