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Nonlinear Metamaterial Composite Structure with Tunable
Tunneling Frequency
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Abstract—A nonlinear metamaterial composite structure with tunable tunneling frequency is
presented. Based on theoretical calculation results, a nonlinear metamaterial sandwich structure
constructed by epsilon negative metamaterial (ENM), mu negative metamaterial (MNM) and nonlinear
double negative metamaterial (NDNM) is designed, and its nonlinear properties are investigated. The
measured results show that the tunneling frequency of the sandwich structure ENM-NDNM-MNM can
be controlled conveniently by signal power.

1. INTRODUCTION

Metamaterials, including double negative metamaterials (DNM) and single negative metamaterials
(SNM), have drawn intensive attention in the past few years, due to their unique electromagnetic
properties and important applications [1-20]. For DNM, their permittivity and permeability are
simultaneously negative. There are two kinds of SNM: one is the epsilon-negative metamaterial (ENM),
in which the permittivity is negative, but the permeability is positive; the other is the mu-negative
metamaterial (MNM), in which the permeability is negative, but the permittivity is positive. In DNM,
the propagation of electromagnetic waves exhibits lots of unusual properties, and many important
applications have been found, such as negative refraction and super-imaging, cloaking [1-6]. Contrasted
to propagating modes in DNM, SNM are opaque and support only evanescent modes since their
wavevectors are complex. However, some composite structures based on SNM can be transparent
to electromagnetic waves and have many novel properties and important applications [7-14]. For
instance, the waves can tunnel through a heterostructure constructured by the ENM and MNM, and
the subwavelength resonator can be realized by the ENM-MNM heterostructure based on transmission
line [7-9]. Nevertheless, the tunneling frequency is fixed and cannot be tuned once the fabrication
of the subwavelength resonators is accomplished, which limits their practical applications greatly. So,
it is meaningful to explore the metamaterial composite structure with tunable tunneling frequency to
enlarge the applications of the SNM.

In the last decade, nonlinear metamaterials have aroused interests of many researchers [15-20]. In
this paper, a new metamaterial composite structure with variable tunneling frequency is designed by
introducing the nonlinear double negative metamaterial (NDNM) in the ENM-MNM heterostructure.
For the sandwich structure ENM-NDNM-MNM, its tunneling frequency can be tuned conveniently by
the signal power. The presented nonlinear metamaterial composite structure ENM-NDNM-MNM may
be important for the design of nonlinear devices.

2. THEORETICAL CALCULATION

In [10], we find that the electromagnetic waves can tunnel through the sandwich structure MNM-Air-
ENM. Here, the tunneling phenomenon in the sandwich structure constructed by the ENM, DNM and
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MNM shown in Figure 1 will be investigated by means of the transfer-matrix method. The analysis of
tunneling condition is similar to [10]. Drude model is also used to describe the isotropic SNM, given as:
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in MNM. The angular frequency w is in unit of GHz. These kinds of dispersion for €4 and pup can be
realized in some transmission line metamaterials [10-12, 14]. In the following calculation, we choose a set
of parameters of e, = up = 1, g = €5 = 1, and a = 6 = 900. The thicknesses of ENM, MNM and DNM
are assumed to be dg = 20mm, dg = 20mm and d¢c = 20 mm, respectively. Let a transverse electric
wave (the electric field lies in the y direction) be normally incident from a vacuum onto the ENM-DNM-
MNM structure, as shown in Figure 1. The treatment for the transverse magnetic wave is similar. The
calculated transmittance of the ENM-DNM-MNM sandwich structure is depicted in Figure 2 when the
permittivity and permeability of the DNM are chosen to be e¢c = po = —0.2, e¢ = puc = —0.25 and
ec = pc = —0.3, respectively. From Figure 2 it can be seen that the electromagnetic waves can tunnel
completely through the ENM-DNM-MNM composite structure for our parameters, and the tunneling
frequency shifts gradually to higher values with the decrease of the permittivity and permeability of
the DNM. The results indicate that the tunneling frequency of the metamaterial composite structure
can be tuned by the signal power when the DNM is replaced by the NDNM, since the permittivity and
permeability of the NDNM can be tuned by the signal power.
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Figure 1. Schematic of the sandwich structure Figure 2. The calculated transmittance of

constructed by the ENM, DNM and MNM. the ENM-DNM-MNM sandwich structure under
different values of permittivity and permeability
of the DNM.

3. MICROWAVE EXPERIMENT

Based on the calculation results mentioned above, the nonlinear metamaterial composite structure
constructed by the ENM, MNM and NDNM is designed by using the microstrip transmission line
with lumped elements loading, as shown in Figure 3(a). In Figure 3(a), The ENM and MNM are
implemented by periodically loading lumped-element series capacitors and shunt inductors on microstrip
transmission line, as illustrated in [12]. Each unit cell has the same length of d = 12 mm, consisting of
a series capacitor and a shunt inductor. For the NDNM, the series capacitors are replaced by varactor
diodes, and each unit cell consists of one inductor and two varactor diodes with the same unit length
of d = 12mm. All varactor diodes are connected end to end or head to head. The schematics and
circuit models of each unit of the ENM, MNM and NDNM are given in Figures 3(b) and 3(c). For our



Progress In Electromagnetics Research Letters, Vol. 71, 2017 93

(b) ©)

Figure 3. (a) The photograph of the nonlinear metamaterial composite structure constructed by the
ENM, MNM and NDNM implemented by using the microstrip transmission line with lumped elements
loading. (b) The schematic and circuit model of each unit of the ENM and MNM with the loading
series capacitors (C') and shunt inductor (L). (c) The schematic and circuit model of each unit of the
NDNM with the loading series varactor diodes (C,) and shunt inductor (L).
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Figure 4. The calculated effective permittivity and permeability for the ENM, MNM and NDNM
under the case that the voltage applied on the varactor diodes is zero.
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sample, the microstrip transmission line is designed with strip width 2.73 mm to match the characteristic
impedances 50 2. The substrate is F4B with thickness h = 1 mm and relative permittivity , = 2.65. For
these parameters, the distributed parameters of the microstrip transmission line are Ly = 248 nH/m
and Cyp = 99pF/m, respectively. In the ENM, the values of the loaded series capacitors and shunt
inductors are C' = 5.1 pF and L = 5.6nH, and they are C = 2.2pF and L = 15nH in the MNM. For
the NDNM, the value of the loaded inductors is L = 3.3 nH. The varactor diodes of infineon BBY52 are
employed, and their value is about 2.4 PF under the zero voltage.

As shown in [12], the effective permittivity and permeability can be determined by the following
approximate expressions:

e ~ (Co—1/w?Ld) /p, (3)
treff ~p (Lo — 1/w20d) , (4)

where p is the structure constant of microstrip transmission line (in our experiment, its value is 5.04); L
and C are the values of the loaded inductors and capacitors respectively; Ly and Cy are the distributed
parameters of the microstrip transmission line. According to Egs. (1) and (2), the effective permittivity
and permeability of the microstrip metamaterial can be calculated. Figure 4(a) depicts the calculated
results under the parameters of C = 5.1pF and L = 5.6nH. It can be seen that the microstrip
metamaterial has piop > 0 and €. < 0 in the frequency range from f.1 = 1.29 GHz to feo = 1.96 GHz,
and obviously, the ENM is obtained in the frequency range between f.1 = 1.29 GHz and f.o = 1.96 GHz.
Similarly, Figure 4(b) illustrates the calculated results for the parameters of C' = 2.2 pF and L = 15nH.
It is obvious that the microstrip metamaterial has pi.p < 0 and .5 > 0 in the frequency range between
fa = 1.19GHz and f.o = 1.97 GHz, and the MNM is acquired. Figure 4(c) gives the calculation
results of the NDNM under the case that the voltage applied on the varactor diodes is zero, and their
capacitance value is 2.4 PF. From Figure 4(c) one can see that the microstrip metamaterial has g < 0
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Figure 5. The simulated and measured Figure 6. The measured transmission curves of

transmission curves of the ENM, MNM, NDNM
and the sandwich structure ENM-NDNM-MNM.
For NDNM, the capacitance value of the varactor
diodes is set to be 2.4 PF when simulated and the
signal power is —5 dBm when measured.

the sandwich structure ENM-NDNM-MNM under
different signal power.
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and .5 < 0 in the frequency range below f. = 2.55 GHz, and the DNM is obtained. Figure 5 shows the
simulated (by CST microwave studio) and measured (by Agilent vector network analyzer) transmission
curves of the ENM, MNM, NDNM and the metamaterial composite structure ENM-NDNM-MNM. For
NDNM, the capacitance value of the varactor diodes is set to 2.4 PF when simulated, and the signal
power is —5dBm when measured. From Figure 5, it can be seen that the stopbands of the ENM and
MNM are observed, and they have accordant frequency range. The passband of the DNM also emerges,
and its frequency range is greater than the ENM and MNM. Obviously, the simulated and measured
results agree well with the calculation ones. For the composite structure ENM-NDNM-MNM, the
tunneling phenomenon happens. The simulated result shows clearly that there exists a tunneling mode
at fo = 1.6 GHz, which agrees well with experimental observation of the tunneling mode at 1.59 GHz. It
is needed to point out that the lower transmittance of the tunneling peak for experimental result is due
to the energy loss of the resistance of the loaded lumped elements, for in the simulation, the resistance
of the lumped elements is not considered.

Next, the tuning of tunneling frequency of the metamaterial composite structure ENM-NDNM-
MNM will be investigated. Figure 6 shows the transmission curves of the sandwich structure ENM-
NDNM-MNM under different signal powers. Obviously, the tunneling frequency of the sandwich
structure ENM-NDNM-MNM shifts gradually to higher values with the increase of the signal power.
The results indicate that the tunneling frequency of the composite structure ENM-NDNM-MNM can
be controlled conveniently by signal power. Therefore, the nonlinear metamaterial composite structure
ENM-NDNM-MNM may be applied in the design of nonlinear devices.

4. CONCLUSION

In conclusion, the nonlinear properties of the metamaterial composite structure ENM-NDNM-MNM
are investigated. Based on the theoretical calculation results, the nonlinear sandwich structure ENM-
NDNM-MNM with tunable tunneling frequency is designed, and its transmission properties with signal
power are measured. The measured results show that the tunneling frequency of the sandwich structure
ENM-NDNM-MNM can be controlled conveniently by power. Therefore, the nonlinear metamaterial
composite structure ENM-NDNM-MNM may be important for the design of nonlinear devices.
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