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A novel dual-band rectangular waveguide notch filter is experimentally investigated in this paper. Such filter is realized by
integrating two pairs of split ring resonators (SRRs) printed on the two sides of a dielectric slab with twist angles and separated as
a distance in the center of the rectangular waveguide. Due to the coupling effects between the twist SRRs and between the original
SRRs and their mirror images generated by the metallic walls perpendicular to the E-field direction, it can flexibly contribute
two disjunct resonance states and result in the dual-band notch properties. Furthermore, the two resonance frequencies can be
controlled by changing the twist angles, resulting in the shifts of notch frequency bands.

1. Introduction

Metamaterial [1] is a kind ofman-made structural composite,
firstly predicted by Veselago in 1968 [2] and experimen-
tally realized in 2000 by Smith et al. [3], by composing
split ring resonator (SRR) [4] and continuous wire array
[5]. Metamaterial exhibits some novel electromagnetic and
optical properties which are not found in nature media, for
example, negative refraction, reversals of both Doppler shift
and Cherenkov radiation [2], enhancement of evanescent
wave, and subwavelength imaging [6].These novel properties
have been experimentally demonstrated in recent years [7–
11] and therefore various application proposals have been
reported and analyzed [12–16].

In particular, recently, the microwave engineering appli-
cations of artificial metamaterials have been widely discussed
and various novelmicrowave components, for example, filters
[17], shifters [18], multiplexers [19], and power combin-
ers/dividers [20], were reported, since the first realization
of metamaterials [3]. The metamaterials based filters are
mostly realized by integrating metamaterial resonators into
conventional transmission systems so that the filters can pass
or stop electromagnetic waves [21], and some metamaterial-
inspired filters operated at terahertz frequency bands have

been reported [22, 23]. Specifically, due to the single neg-
ative permeability or permittivity characteristics of some
metamaterials such as SRRs and electric-LC resonators, the
electromagnetic waves or signals cannot be transmitted in
such media and therefore the band stop (notch) filters [24–
26] are achieved.

On the other hand, it has been demonstrated that the
rectangular waveguide loaded with SRR in its center position
would lead to a transmission dip nearby the resonant fre-
quency of SRR [27]. Quite recently, Zhang et al. analyzed that,
due to the coupling effect between the original SRR and its
mirror image generated by the metallic walls perpendicular
to the E-field direction, the resonance frequency (also the
notch frequency) can be shifted by changing the positions
along the E-field direction [28]. In our previous works, we
have systematically analyzed the coupling effects of SRRs and
their mirror images in a rectangular waveguide through the-
oretical analysis and experimental measurements [26]. Such
couplings can be manipulated mechanically by rotating the
SRRs along a dielectric rod and/or shifting the SRRs up/down
along the sidewall of the rectangular waveguide, resulting
in shifts of the resonant frequencies and modulations of the
resonant magnitudes.
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Figure 1: Schematic geometry of the proposed notch filter.

Among the developed band notch filters, however, they
are mostly single band configurations. Actually, we found
that when two pairs of SRRs printed on the two sides of a
dielectric slab with twist angles and separated as a distance
along the E-field direction in the rectangular waveguide
(as shown in Figure 1), two resonance states would occur.
This is because when two pairs of twist SRRs are placed in
the rectangular waveguide with configuration as shown in
Figure 1, the upper twist SRRs are coupled to the top edge of
rectangular waveguide and simultaneously the nether one is
coupled to the bottom edge. Moreover, the relative positions
of the splits for the two pairs of SRRs compared to the top and
bottom edges of rectangular waveguide have different values.
It results in the different coupling values and therefore two
resonance frequencies (notch frequencies) are obtained. In
this paper, a schematic configuration is presented to show the
dual-band notch filter realization and the controllability of
the working frequencies is also analyzed.

2. Design and Fabrications

The schematic geometry of the proposed dual-band rectan-
gular waveguide notch filter is shown in Figure 1.Themetallic
SRRs with width of 0.2mm and thickness of 0.017mm are
printed on the two sides of a Rogers 4003 substrate (dielectric
constant 𝜖

𝑟
= 3.55 and loss tangent tan 𝛿 = 0.0027) with

dimension of 0.8 × 4.1 × 10.16mm3. The substrate is placed
in the center line of an X-band (8–12GHz) rectangular
waveguide with cross section of 22.86 × 10.16mm2. As
analyzed in our previous works [26], the couplings between
the SRRs and their mirror images generated by the metallic
walls perpendicular to the E-field direction can be effectively
represented by the equivalent circuits. However, here we
mainly focus on how to achieve dual resonance characteris-
tics. The two SRR pairs are separated far from each other and
therefore very close to the up and bottom metallic walls (see
Figure 1). As a result, the coupling between the two pairs of
SRRs can be neglected comparing each pair of SRRs with its
mirror image. Moreover, due to the twist angle of SRR pairs,
the coupling strengths for the two pairs of SRRs and their

up and bottom images are not equal, resulting in the dual
resonances properties.

Based on the above analysis and the given restrictions of
material and dimensional values, the other parameters of the
proposed filter are optimized by finite element method based
on HFSS V14.0 software and the results are shown as follows:
𝑑 = 6mm, 𝑟 = 1.55mm, and 𝜃 = 40. Here the parameter 𝜃 can
be controlled by some methods, for example, mechanically
rotating the single SRR on one of the sides of substrate, which
will be discussed later in this paper.

Then, through standard printed circuit board fabrication
techniques, the proposed filter is fabricated and placed in the
X-band hollow rectangular waveguide as shown in Figure 2.
Twowaveguide-to-coaxial transitions and the vector network
analyzer (Agilent N5230A) are used to measure and record
the transmission and reflection characteristics. The thru-
reflect-line (TRL) calibration procedure is performed to
eliminate the system errors during measurements.

3. Results

Figures 3(a) and 3(b) show the simulated andmeasured trans-
mission and reflection properties of the proposed band notch
filter. It is seen that both the numerical and experimental
transmission curves have two dips, implying awell agreement
between the experimental and numerical results. However,
there are slight frequency shifts between the measurements
and simulations. Specifically, the simulated result shows the
transmission dips at 9.725GHz and 10.025GHz, while the
measured result indicates two transmission dips at 9.827GHz
and 10.035GHz. The slight frequency shifts mainly come
from the fabrication tolerance in experiments.

Moreover, to further understand the two resonance states
of the proposed configuration, Figures 3(c) and 3(d) present
the simulated normalized surface current distribution char-
acteristics at such two notch frequencies. It can be seen that
the surface currents are mainly concentrated at the upper
twist SRRs at lower resonant frequency and contrarily located
at the nether twist SRRs at higher resonant frequency. This is
because for the lower resonant frequency the larger coupling
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Figure 2: (a) Measurement setup and (b) fabricated sample inserted in the rectangular waveguide.
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Figure 3: (a) Simulated and (b) measured 𝑆-parameters of the proposed filter, and the surface current distribution characteristics at notch
frequencies: (c) 9.725GHz and (d) 10.025GHz.
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Figure 4: (a) Simulated and (b) measured transmissions of the proposed filter at different twist angles.
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Figure 5: (a) Simulated transmission properties of the bandnotch filterwith three different distance values, and (b) simulated 2D transmission
properties with gradually increased distances.

values occur due to the smaller distance between the split of
SRRs and the mirror images, compared to the higher reso-
nant frequency. These results agree with the aforementioned
analysis verywell. Furthermore, as can be observed in Figures
3(a) and 3(b), there are two small transmission dips located in
the vicinity of 11 GHz. These are the other resonance modes
of twist SRRs (come from the inner coupling between the
two pairs of twist SRRs) and have little contributions for the
proposed filter.

As mentioned above, the operating frequencies of the
proposed notch filter can be flexibly controlled by changing
the twist angle 𝜃. Herewe give schematicmeasurement results
of several fabricated samples with different twist angles. The
SRRs on the front side of the substrate are not changed for all
the conditions, and the SRRs on the back side are rotated with
different twist angles. Also, the upper and bottom twist SRRs
maintain the same twist angle 𝜃 for each sample. Figure 4
shows simulated andmeasured results for the notch filterwith
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different twist angles ranged from 30∘ to 50∘ with step of 10∘.
It can be known that the simulated and measured results also
indicate a well agreement for the notch characteristics. When
the twist angle 𝜃 increased, the notch characteristics are not
changed and the two notch frequencies are shifted to higher
frequency bands.The shifts of notch frequenciesmainly come
from the changes of coupling strengths between the twist SRR
pairs (the front and back SRRs). Specifically, when enlarging
the twist angle, the coupling (especially the electric coupling
related to the splits within the SRRs) is reduced, resulting in
the blue shift of operating frequencies. Also, there are other
resonancemodes in the discussed twist angles but they do not
affect the performance of the filter.

4. Discussions

Here we further discuss the effect of distance 𝑑 between the
two pairs of twist SRRs on the couplings and the operating
frequencies. As shown in Figure 5, with smaller values down
to 4mm for the distance 𝑑, there is only one notching fre-
quency centered at 9.95GHz, and when increasing gradually
the distance up to 6.4 mm two notching frequencies appear
with enlarged frequency space between such two operating
frequencies. As analyzed similarly in our previousworks [26],
with closer distance, the differences of the coupling strengths
for the two twisted SRR pairs related to the metallic walls
of the rectangular waveguide are minimized. Therefore the
two operating frequencies are combined to one notching
frequency.

5. Conclusions

In this paper, a novel dual-band rectangular waveguide notch
filter based on the twist SRRs is discussed through numerical
simulations and experimental demonstrations. Due to the
coupling effects between the twist SRRs and between the
original SRRs and their mirror images, the proposed filter
exhibits two resonance states and results in the two notch
frequencies. Moreover, the two notch frequencies can be
controlled by changing the twist angles of SRRs.These results
provide a simple way to realize the band notch filter and
control the notch frequencies.
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