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Abstract—In this paper, the nonlinear single negative metamaterials (NLSNM) based on the microstrip
loaded with varactor diodes are investigated. It is found that the NLSNM, including nonlinear epsilon-
negative metamaterial (NLENM) and nonlinear mu-negative metamaterial (NLMNM) can be realized
by loading varactor diodes and chip inductors onto the microstrip, and their transmission gaps can be
controlled conveniently by the signal power. In addition, the nonlinear property of the heterostructure
constructed of NLMNM and epsilon-negative metamaterial (ENM) is also studied, and the results show
that the transmission property, especially the transmittance of the tunneling peak of the NLMNM-ENM
heterostructure can also be regulated by the signal power. The NLSNM may have important potential
applications in the microwave switch controlled by the signal power.

1. INTRODUCTION

Single negative metamaterials (SNM), as one kind of metamaterials, have been extensively investigated
in the past few years, due to their unique electromagnetic properties and important applications [1–16].
There are two types 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. The isolated ENM or MNM is opaque
and supports only evanescent waves, but many composite structures constructed of the ENM and the
MNM can be transparent to electromagnetic waves and possess some extraordinary electromagnetic
properties and important applications [1–8]. For instance, electromagnetic waves can tunnel through
a matched ENM-MNM heterostructure, and a subwavelength resonator can be realized based on the
ENM-MNM heterostructure [1–3]. The sandwich structure constructed of ENM, MNM and air can
also be transparent to electromagnetic waves, and new wireless information and energy transfer system
can be realized based on the ENM-Air-MNM structure [4]. The photonic spin Hall effect insensitive
to interface fluctuations was observed in the waveguide composed of two types of SNM, and it may be
useful to the manipulation of electromagnetic signals [5]. In addition, the sole ENM or MNM also has
some important applications. For example, the ultra-small single negative metamaterial insulator for
mutual coupling reduction of the high-profile monopole antenna array was proposed in [6]. In order
to implement the SNM, a lot of structures have been presented [2, 3, 9–13], such as the array of split
ring resonators or thin metal wires [9, 10], the transmission lines with lumped capacitors and inductors
loading and those with split ring resonators or complementary split ring resonators loading [2, 3, 11, 12].

In addition, the investigations on nonlinear metamaterials have also aroused great interests of many
researchers in the last decade to explore the extraordinary nonlinear properties of the metamaterials [17–
26]. In [17–23], the authors indicated that the nonlinear metamaterials could be realized by introducing
the nonlinear elements of varactor diodes in the building blocks of the metamaterials. In this paper, the
nonlinear single negative metamaterials (NLSNM) based on the microstrip loaded with varactor diodes
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are proposed. Firstly, the NLSNM, including the nonlinear epsilon-negative metamaterial (NLENM)
and nonlinear mu-negative metamaterial (NLMNM) are realized by loading varactor diodes and chip
inductors onto the microstrip and their nonlinear properties investigated. In addition, in order to
further confirm the single negative property of the NLSNM and meanwhile explore their applications,
the heterostructure constructed of the NLMNM and ENM is fabricated, and its nonlinear properties
are measured and analyzed.

2. NLSNM BASED ON VARACTOR DIODES

As shown in Figure 1(a), the NLSNM are fabricated by periodically loading varactor diodes and chip
inductors onto the microstrip. Each unit consists of two varactor diodes and one chip inductor with the
same unit length of d = 12mm. When loading the varactor diodes, the double gaps are periodically
sculptured on the strip of the microstrip, and the varactor diodes are soldered onto the microstrip
crossing the gaps. All the varactor diodes are connected end to end or head to head. For loading
the chip inductors, the periodic through-holes are introduced in the microstrip, and the chip inductors
are embedded into the through-holes by soldering tin. The schematic and circuit model of each unit
of the NLSNM is given in Figure 1(c). In our experiments the substrate of the microstrip is F4B
with relative permittivity of 2.65, thickness of 1.0mm and loss tangent of 0.001. The strip width of
microstrip is designed to be 2.73mm to match the characteristic impedance 50Ω. For these parameters,
the distributed parameters of the microstrip are L0 = 248 nH/m and C0 = 99pF/m, respectively. In
addition, the varactor diodes of infineon BBY52 are employed for all our samples.

(a)

(b)

(c) (d)

Figure 1. (a) The photograph of the NLSNM. (b) The photograph of the NLMNM-ENM
hetorostructure. (c) The schematic and circuit model of each unit of the NSNM with the loading
varactor diodes (Cv) and chip inductors (L). (d) The schematic and circuit model of each unit of the
ENM with the loading chip capacitors (C) and chip inductors (L).

When the value of the loaded chip inductors is chosen to be L = 4.7 nH, the transmission curves
(indicated by the amplitude of the transmission coefficient, |S21|) of the structure shown in Figure 1(a)
under different signal powers are measured by employing the sole Agilent N5242A Vector Network
Analyzer and shown in Figure 2(a). From Figure 2(a) one can see that the transmission gaps can
be controlled conveniently by the signal power, and the gap width and depth increase gradually with
the enhancement of the signal power. When the signal power is 0 dBm, there is no transmission gap,
and when the signal power is increased to 17 dBm, the gap is as wide as 0.98GHz and as deep as
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Figure 2. The transmission curves of (a) the structure shown in Figure 1(a) under different signal
powers when the value of the loaded chip inductors is L = 4.7 nH and (b) the microstrip metamaterial
in the right half of the heterostructure shown in Figure 1(b).

−16 dB. According to the dispersion relation determined by periodic analysis, the effective permittivity
and permeability of the microstrip metamaterial shown in Figure 1(a) can be given by the following
approximate expressions [27]:

εeff ≈
(
C0 − 1/ω2Ld

)
/p, (1)

µeff ≈ p
(
L0 − 2/ω2Cd

)
, (2)

where p is the structure constant of the microstrip (in our experiment, its value is 5.04); d is the
unit length of the microstrip metamaterial; C and L are the values of the loaded varactor diodes and
chip inductors, respectively; C0 and L0 are the distributed parameters of the microstrip. When the
signal power is 17 dBm, the capacitance of the varactor diodes is about 1.8 pF, and under this case,
the effective permittivity and permeability of the microstrip metamaterial shown in Figure 1(a) are
calculated according to Eqs. (1) and (2) and depicted in Figure 3. In Figure 3, as shown by the arrows,
the black solid line indicates the change of the effective permittivity with the frequency, and the red
dashed line presents the effective permeability. From Figure 3, it can be seen that the microstrip
metamaterial has µeff < 0 and εeff > 0 in the frequency range from fc1 = 2.12GHz to fc2 = 3.08GHz.
So the corresponding transmission gap depicted by the magenta dashed dotted line in Figure 2(a) is the
mu-negative gap (MNG), and the MNM is obtained in the frequency range between fc1 = 1.97GHz and
fc2 = 2.95GHz by utilizing the structure shown in Figure 1(a). Comparing the values of fc1 and fc2
in Figure 2(a) with the calculated values shown in Figure 3, there exists a difference, which is mainly
because Eqs. (1) and (2) are deduced based on the infinite periodic structure, and they are approximate.
According to similar calculations, it can be known that in Figure 2(a) all the transmission gaps under
other signal powers are MNGs. Therefore, when the value of the loaded chip inductors is chosen to
be L = 4.7 nH, the NLMNM can be realized using the structure shown in Figure 1(a). Moreover, as
the MNG can be either closed or as deep as −16 dB (if the signal power continues to increase, the
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Figure 3. The calculated effective permittivity and permeability of the microstrip metamaterial
shown in Figure 1(a) under the signal power of 17 dBm when the value of the loaded chip inductors is
L = 4.7 nH.

Figure 4. The transmission curves of the structure shown in Figure 1(a) under different signal powers
when the value of the loaded chip inductors is L = 2.2 nH.

transmittance of the gap will become smaller), the NLMNM may be useful in the switching device
controlled by the signal power in the microwave communication system.

To achieve the NLENM, the value of the loaded chip inductors is chosen to be L = 2.2 nH. Figure 4
shows the transmission curves of the microstrip metamaterial shown in Figure 1(a) under different
signal powers in the case of L = 2.2 nH. It can be seen that the transmission gaps can also be controlled
conveniently by the signal power, and the gap width and depth decrease gradually with the increase of
the signal power. When the signal power is 0 dBm, the transmission gap is as wide as 0.88GHz and as
deep as −13 dB, and the gap is closed when the signal power is increased to 17 dBm. When the signal
power is 0 dBm, the value of the varactor diodes is about 2.8 pF, and here the effective permittivity
and permeability of the microstrip metamaterial shown in Figure 1(a) are calculated and depicted in
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Figure 5. The calculated effective permittivity and permeability of the microstrip metamaterial shown
in Figure 1(a) under the signal power of 0 dBm when the value of the loaded chip inductors is L = 2.2 nH.

Figure 5. From Figure 5, one can clearly see that the microstrip metamaterial has εeff < 0 and µeff > 0
in the frequency range between fc1 = 2.45GHz and fc2 = 3.1GHz. So the corresponding transmission
gap depicted by the black solid line in Figure 4 is the epsilon-negative gap (ENG), and the ENM is
obtained in the frequency range between fc1 = 2.09GHz and fc2 = 2.97GHz. The differences between
the calculation values and measurement values for fc1 and fc2 also mainly result from the approximate
characteristic of Eqs. (1) and (2). Similarly, it can also be known that the transmission gaps under
other signal powers are all ENGs in Figure 4. Therefore, the NLENM is acquired using the structure
shown in Figure 1(a) when the value of the loaded chip inductors is chosen to be L = 2.2 nH. Obviously,
the NLENM is also hopeful to be applied in the signal-controlled switching device.

3. NONLINEAR PROPERTIES OF THE NLMNM-ENM HETEROSTRUCTURE

In order to further confirm the single negative property of the NLSNM and meanwhile explore their
applications, the heterostructure constructed of the NLMNM and ENM is fabricated, as shown in
Figure 1(b). In Figure 1(b), The ENM is realized by periodically loading series chip capacitors and
shunt chip inductors onto the microstrip. Each unit consists of one chip capacitor and one chip inductor
with the same unit length of d = 12mm. The schematic and circuit model of each unit of the ENM
is given in Figure 1(d). For the NLMNM in the heterostructure, the loaded lumped elements are the
same as that mentioned above, and for the ENM, the values of the loaded series capacitors and shunt
inductors are C = 1.6 pF and L = 2.2 nH, respectively. Based on the dispersion relation determined
by periodic analysis, the effective permittivity and permeability of the microstrip metamaterial in the
right half of the heterostructure shown in Figure 1(b) can also be given by Eqs. (1) and (2), and
here C denotes the value of the series chip capacitors. According to Eqs. (1) and (2), the effective
permittivity and permeability of the microstrip metamaterial in the right half of the heterostructure
shown in Figure 1(b) are calculated and shown in Figure 6. The transmission curve is measured and
shown in Figure 2(b). From Figure 6 one can clearly see that the microstrip metamaterial has εeff < 0
and µeff > 0 in the frequency range from fc1 = 2.3GHz to fc2 = 3.1GHz. So in Figure 2(b) the
corresponding transmission gap is the ENG, and the ENM is obtained in the frequency range between
fc1 = 1.97GHz and fc2 = 2.95GHz by using the microstrip metamaterial in the right half of the
heterostructure shown in Figure 1(b). Here, there still exists a difference between the calculation values
and measurement values for fc1 and fc2, and it is also mainly because Eqs. (1) and (2) are approximate.
Obviously, the frequency range of the ENM is the same as the NLMNM under the signal power of
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Figure 6. The calculated effective permittivity and permeability of the microstrip metamaterial in the
right half of the heterostructure shown in Figure 1(b).

Figure 7. The transmission curves of the NLMNM-ENM heterostructure shown in Figure 1(b) under
different signal powers.

17 dBm.
Figure 7 shows the transmission curves of the NLMNM-ENM heterostructure shown in Figure 1(b)

under different signal powers. It is obvious that the signal power also has a great effect on
the transmission property of the NLMNM-ENM hetorostructure. As well known, the complete
electromagnetic tunneling only occurs in the MNM-ENM heterostructure when the average permittivity
and average permeability are simultaneously zero [1–3]. In Figure 7, when the signal power is 0 dBm,
there is no electromagnetic tunneling as here the nonlinear metamaterial in the left half of the
heterostructure has no transmission gap, and the tunneling condition is not met. When the signal
power is increased, as the MNG begins to appear for the nonlinear metamaterial in the left half of
the heterostructure, and the MNM is obtained, the tunneling phenomenon begins to emerge in the
heterostructure. When the signal power is increased to 17 dBm, the tunneling condition is best satisfied,
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and the tunneling peak with a highest transmittance is obtained. The transmission properties of the
NLMNM-ENM heterostructure confirm the mu-negative property of the NLMNM. Moreover, with these
features, the NLMNM-ENM heterostructure may also have important applications in some practical
signal-controlled microwave switches.

4. CONCLUSION

In conclusion, the NLSNM, including the NLENM and NLMNM, are realized by periodically loading
varactor diodes and chip inductors onto the microstrip and their nonlinear properties measured. The
results show that for the NLENM and NLMNM, the transmission gaps can be controlled conveniently by
the signal power. For the NLMNM, the gap width and depth increase gradually with the enhancement
of the signal power while they decrease gradually with the increase of the signal power for the NLENM.
For two types of NLSNM, the single negative gaps can either be closed or have a certain depth along with
different signal powers, which make them useful in the signal-controlled switching device. In addition,
the nonlinear properties of the NLMNM-ENM heterostructure are also investigated, and the results
show that the signal power also has a great effect on the electromagnetic tunneling in the NLMNM-
ENM hetorostructure. When the signal power is small, there is no electromagnetic tunneling in the
hetorostructure, and when the signal power is increased to a certain value, the tunneling peak with the
highest transmittance can be obtained. With these properties, the NLMNM-ENM heterostructure may
also be promising for being utilized in some practical signal-controlled microwave switches.
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