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Abstract: A tunable dual-band metamaterial filter based on crossed split-ring resonators
is numerically and experimentally demonstrated. The proposed tunable metamaterial filter
consists of two same metal split rings with different angles. Based on the cross-coupling
between these two split rings, two stopbands are generated. Moreover, the operating
frequency of the two stopbands can be tuned by changing the angle between the two
split rings. In the context of numerical results, surface current distributions and electric
field distributions were employed to analyze the basic principle, and the experiments were
performed to demonstrate the practical effect. All results verified the tunable characteristics
of the proposed metamaterial filter. This design proposes a new tunable metamaterial filter
through the angle rotation.

Index Terms: Metamaterial, filter, tunable dual band.

1. Introduction
Filters are passive devices commonly used to selectively eliminate undesired information and
restrain the noise of the signal in the microwave and millimeter-wave systems, which plays an
important role in imaging, sensors, and communication [1], [2]. Recently, the modern communi-
cation system and other new technologies put forward higher requirements, including security,
high speed, and wideband, for signal processing [3]–[5]. Therefore, the development of compact
low-cost tunable filters is required to address these requirements [6], [7]. Traditional methods of
achieving wideband are by using microstrip resonator, etching slot, or adopting dielectric resonator
[8]–[10]. However, these methods can not completely satisfy the demands due to the complex
structure, bulky volume, fixed operating bandwidth, or high cost.

Metamaterials are artificial structures that can generate many special physics properties such
as negative refraction, perfect absorption, cloaking, and Doppler shift, thus attracting extensive
attention [11]–[13]. The precise manipulation of electromagnetic (EM) waves and the capacity of
customized design are the excellent merits of metamaterials [14]–[18]. Therefore, the existence of
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Fig. 1. Schematic diagrams of the (a) tunable filter and (b) a single split ring. (c) Photograph of the
fabricated tunable filter.

metamaterials paves a new way for the designs of various tunable EM devices, including filters
[19]–[22]. By changing the effective inductance or capacitance of the metamaterials through the
modulations of external voltage, magnetic field, temperature, and so on, the tunable metamaterial
filters can easily be achieved [23]–[27]. Except for these external field modulation methods,
the mechanically tunable metamaterial filters were also reported [28]. Nevertheless, the tunning
capability of bandstop metamaterial filter realized by angle rotating was scarcely reported.

Here, we propose a crossed split-ring structure for the design of a tunable dual-band bandstop
filter. This compact metamaterial filter is only composed of two same crossed split rings. Due
to the crossed angle between the two rings, the coupling between the two SRRs is generated when
the polarized EM wave is normally incident onto the resonator. Thus, the operating frequency of
the filter is modified by the rotation angle, which provides a novel design idea for actively tunable
bandstop metamaterial filters.

2. Proposed Structure
Fig. 1 depicts the schematics of the proposed tunable filter which consists of two crossed split-ring
resonators (SRRs). As shown in Fig. 1(a), the first SRR is fixed and its gap direction is parallel
to the electric field direction of the incident EM wave. Another same SRR is oppositely located at
the gap side of the first SRR. The whole SRR is made of copper. It is worth noting that the gap
centers of these two SRRs are coincident. To introduce suitable coupling between two SRRs, a
certain angle between the two SRRs is tuned by rotating the second SRR. Fig. 1(b) shows the top
view of a single SRR, the width, side length, and gap size of this square split ring are s, l, and
w, respectively. In practical applications, support frames are necessary for maintaining the angle
between the two SRRs. As illustrated in Fig. 1(c), the fabricated tunable filter is supported by two
thin plastic plates. The angle of θ between the two SRRs is achieved through fabricating different
plastic plates as shown in Fig. 1(d). The dimensions of the SRR are l = 8 mm, w = 4 mm, s =
1 mm, and t = 0.5 mm. The wave vector direction of the incident wave is parallel to the plane loaded
the first SRR.
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Fig. 2. Simulated and measured transmission spectrums of (a) a single first SRR and (b) a single
second SRR.

Fig. 3. Simulated transmission spectrums of the single second SRR with a series of rotation angles θ .

To further explore the basic principle in the proposed filter, numerical simulations were carried
out by utilizing the commercial time-domain package CST Microwave Studio. The simulated and
measured transmission spectrums of a single SRR are illustrated in Fig. 2, in which the black
lines with square symbols are simulation results and the red lines with triangle symbols represent
experiment results. In the experiment setting, the proposed filter supported by thin plastic plates
is placed between two rectangle waveguides respectively connected to the two ports of a vector
network analyzer to measure its EM performance. Fig. 2(a) shows the results of a single first
SRR. In the case of normal incidence with the electric field polarized along the z-axis, an obvious
resonant peak is observed around 6.42 GHz. This single SRR exhibits bandstop characteristics in
the range of 6.32–6.52 GHz.

Regarding the second SRR with a rotation angle of 75°, its transmission spectrums, as shown
in Fig. 2(b), also exhibit a resonant peak. But the center frequency of the resonant peak is around
6.15 GHz and obtains a redshift of 0.27 GHz. These experimental results are in good agreement
with the simulation results, which demonstrate the practical possibility of realizing the tunning
capability via the proposed metamaterial.

Obviously, this frequency redshift arises from the rotation angle of the second SRR. Fig. 3 depicts
the simulated transmission spectrums of a single second SRR with various rotation angles θ to
investigate the relationship between the phase shift and rotation angle. The existence of the rotation
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Fig. 4. (a) Measurement system. (b) Simulated and measured transmission spectrums of the proposed
dual-band filter.

Fig. 5. Simulated surface current distributions of the proposed filter (θ = 75°) at the frequencies of (a)
5.97 GHz, (b) 6.30 GHz, and (c) 6.62 GHz.

angle results in less exciting energy in the second SRR, thus decreasing the center frequency of the
resonant peak. When the gap direction is vertical to the incident electric field (θ = 90°), the exciting
energy of the second SRR is equal to 0. Therefore, there is no resonant peak in the transmission
spectrum and the SRR shows complete transparency. As the rotation angle decreases from 70° to
0°, the center frequency of the resonant peak increases from 6.16 GHz to 6.42 GHz. The equivalent
circuit model can also be used to explain this phenomenon. This single SRR can be regarded as
the LC circuit with inductance L and capacitance C, and its resonant frequency can be described
as:

f = 1

2π
√

LC
(1)

Because of the rotation angle, the effective distance of the gap reduced, the capacitance C
increased, and the resonant frequency of the second SRR is thus less than the resonant frequency
of the first SRR. When the second SRR is along the x-axis, the effective distance is equal
to 0. Therefore, there is no resonant peak when the rotation angle θ = 90°. As the rotation
angle decreases, the effective distance increases, the capacitance decreases, and the resonant
frequency increases. Particularly, the resonant frequencies of the two SRRs will be the same when
the rotation angle is 0°.

From the above results, one can see that a single SRR with or without the rotation angle
generates a narrow stopband centered around 6.30 GHz. In the measurement system shown
in Fig. 4(a), the two SRR analyzed above are combined to form a tunable dual-band filter and
the rotation angle of the second SRR is set to 75° as an example to exhibit the dual-band
characteristics. The simulation result (the black solid line with square symbols) and the experiment
result (the red solid line with triangle symbols) are illustrated in Fig. 4(b). Two stopbands are
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Fig. 6. Simulated transmission spectrums of the proposed tunable dual-band filter with a series of
rotation angles θ and (b) corresponding electric field distributions at 6.30 GHz.

generated at 5.97 GHz and 6.62 GHz, respectively. The transmission out of the stopbands is close
to 0 dB. And this transmission spectrum is similar to the spectrum of electromagnetically induced
transparency analogy effect in the metamaterials. Compared to the transmission spectrums of the
two single SRRs, the transparency window of the filter may be attributed to the coupling between
the two SRRs. From Fig. 4, the numerical simulation curve roughly coincides with the experiment
curve, which demonstrates the validity of the proposed dual-band filter.
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3. Analyses and Discussions
To gain insight into the basic EM mechanism of the proposed dual-band filter, the surface current
distributions at different operating frequencies are simulated and the results are shown in Fig. 5.
The rotation angle of the second SRR is also set to 75°. As observed in Fig. 5, the arrows indicate
the directions of the surface current flow, the strong resonances are marked by red solid lines, and
the weak resonances are marked by black solid lines. At the frequency of 5.97 GHz, the surface
current mainly distributes in the second SRR and the weak resonance occurs on the first SRR,
which verifies that the resonance in the second SRR plays a major role at this operating frequency.
Obviously, these current distributions of two SRRs are directly excited by the electric field of the
incident EM wave. However, the surface current directions of these two SRRs are the opposite.
Compared to the case of single second SRR, the exciting energy is reduced, thus decreasing the
resonant frequency from 6.15 GHz to 5.97 GHz. A similar phenomenon occurs at 6.62 GHz as
illustrated in Fig. 5(c). The different points are that the resonance in the first SRR mainly affects the
EM properties of the metamaterial at this frequency and the surface current directions of the two
SRRs are the same. Due to the superposition effect, the resonant frequency obtains a blueshift
of 0.2 GHz compared with the condition of the single first SRR. The low-frequency resonant peak
has a redshift and the high-frequency resonant peak has a blueshift. Thus, the original position of
stopband generated at around 6.30 GHz appears a transparency window. As depicted in Fig. 5(b),
only a little surface current distributes in the filter, which demonstrates the high out-band rejection.

According to the previous analyses, it can be inferred that the two resonant peaks of the two
SRRs are both affected by the rotation angle θ . Therefore, the tunable filter has the potential to
modify the stopbands by changing the rotation angle. Fig. 6 illustrates the simulated transmission
spectrums and corresponding electric field distributions of the tunable filter with various rotation
angles. The frequency of the observed electric fields is set at 6.30 GHz to investigate the tunning
process of the stopbands. When the rotation angle θ = 90°, only the first SRR is excited and forms
a stopband at 6.42 GHz. The strong electric field only distributes on the first SRR, showing a high
loss. As the rotation angle decreases to 80°, the electric field intensity is reduced, and the two
stopbands are formed. Then the two stopbands respectively obtain redshift and blueshift with the
reduction of the rotation angle. To avoid overlapping of the two SRRs, the rotation angle cannot set
to 0° and the threshold value is close to 20°. While the rotation angle changes within 90° to 30°,
the tunning range of the two stopbands can reach 2.5 GHz. The stopbands transform 0.045 GHz
for every 1° change in angle θ . These simulation results demonstrate the tunable characteristics
of the presented dual-band filter. There is only one resonant peak shown in the last transmission
spectrum of Fig. 6(a). The fact is that the center frequency of another resonant peak is beyond the
display range.

4. Conclusion
In summary, we proposed a tunable dual-band filter based on the crossed split-ring resonators.
Excited by the incident EM wave, the two SRRs generate two near stopbands. It is numerically
and experimentally demonstrated that the operating frequencies of the filter can be actively tuned
by the rotation angle θ . The inherent resonant frequencies of the two SRRs are adjusted by the
coupling between the SRRs. The variation range of the operating frequencies can reach 2.5 GHz
as the rotation angle θ changes within 30°–90°. Moreover, the out band rejection is better than
30 dB. Owing to these characteristics, it can be believed that this work will provide a novel design
idea for the tunable dual-band filters.
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