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ABSTRACT Nowadays, modern communication system relies on the designs of high-performance devices to
enhance communication effect for a high quality of life and smart city system. As a crucial signal processing
step, microwave filter removes unwanted frequency components away from the received signal and enhances
the useful ones. However, large loss, bulky size, and single-band greatly limit the practical applications in
urban computing. Therefore, the filters with dual-band characteristic are highly desirable for modern wireless
communication, such as device-to-device communication, environment monitoring, and automatic driving.
In this paper, a dual-band microwave filter is designed and fabricated based on the theory of Mie-resonance
extraordinary transmission. An electromagnetic wave cannot propagate through a subwavelength aperture
drilled in a metallic film. By adding two dielectric cuboids of different sizes into the two apertures, two
passbands appear in the frequency range of 10.0–12.0 GHz. In this range, the insertion loss is less than 0.4 dB,
and 3-dB bandwidth is more than 48 MHz. Particularly, the two passband frequencies can be tuned by
adjusting the size of the dielectric cuboids. This approach opens a way for designing tunable dual-band
microwave bandpass filter, which is benefit for enhancing spectrum resource utilization.
INDEX TERMS Dual-band, extraordinary transmission, microwave filter, modern wireless communication.

I. INTRODUCTION

With the development of modern wireless communication
technology, the device-to-device communications (D2D),
digital world, intelligent devices, etc. have been popular
research areas in recent years [1]–[3]. All these emerging
technologies would need the sustains of highly efficient signal processing components. As a crucial part of the signal
processing components, the filters play an important role in
such wireless communication systems.
In the D2D communication, portable devices can directly
communicate with others by the D2D communication, avoiding the utilization of a traditional cellular network [4]. However, the leakage interference makes the synchronization of
D2D transmission impossible [5]. Therefore, the filters are
desired to limit the leakage power and minimized the amount
of transmission information for good spectrum properties.
The associate editor coordinating the review of this manuscript and
approving it for publication was Lu Liu.
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Regarding the digital world and environment monitoring,
the filters perform initial bandwidth limiting and have a
strong impact on the information acquisition and the processing of the information [6], [7]. The filters affect both
the capacity of the sending data and frequency range. Thus,
the filters often are used as a method of improving the quality
of service. Even in the volume visualization, the low pass
filter can smooth the details on the image.
The development of new technology and new concept often
bring more stringent requirements on the devices [8], [9].
The conventional filters pose a fundamental obstacle for the
modern applications owing to their high insertion loss, single
band, and complex structure [10]–[12]. A promising path to
solve this problem is the utilization of new technology in the
filter design.
Based on Bethe’s theory, electromagnetic wave cannot propagate through a subwavelength aperture [13].
Since Ebbesen et al. [14]. obtained an enhanced transmission
through subwavelength hole arrays by combining surface
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plasmons and diffractive coupling effects, extraordinary
transmission has inspired tremendous interests [15]. The
underlying physics of this phenomenon is widely regarded
to be related to the surface plasmons resonance that couples
the aperture through the metal interface. Recently, many
configurations have been theoretically and experimentally
proposed to demonstrate the efficient extraordinary transmission [16], [17]. Besides surface plasmons resonance mode,
the resonator coupling mode has also been designed and
studied [18]. Two of the surprising features of extraordinary
transmission with resonator coupling mode are that the radiating area is strongly confined to the vicinity of the resonators
and the very high total transmission appears at a certain
frequency. It is believed that this remarkable enhancement has
novel technological applications such as sensing, near-field
microscopy, light harvesting and microwave transmission
filters [19].
With the rapid development of modern new technology,
the new conceptions, such as digital world, smart cities artificial intelligence models, must bring forward higher requests
to the signal processing. Therefore, the filters with high
channel selectivity and dual/multi-band characteristics are
strongly demanded [20]–[22]. In recent years, many studies have been carried out on the dual-band filters. Stepped
impedance resonators and split rings are widely used to
realize dual-band ability of the filter by changing the structural parameters [23], [24]. To miniaturize the structure of
the dual-band filter, some approaches were proposed further. Tsai and Hsue put forward a dual-band bandpass filter
by using equal-length coupled-serial-shunted microstrip line
structure [25]. Our group studied a dual-band bandstop filter
based on ferrite metamaterials [26], [27]. However, most of
them have relative high insertion loss and complex structures.
The Mie resonances of dielectric particles provide a novel
mechanism for the creation of magnetic or electric resonance
and offer a simpler and more versatile route for the fabrication of multiband devices [28]. Very recently, Mie-resonance
extraordinary transmission has drawn intense attentions due
to its low loss and high transmission enhancement [29]. In this
work, we demonstrate a dual-band microwave filter based
on Mie-resonance extraordinary transmission. The remainder
of this paper is organized as follows. Section II presents the
design of the proposed filter structure. In Section III the
simulated and measured results of the dual-band filter are
exhibited and the tuning principle is discussed. Section IV
draws the conclusion of his paper.
II. STRUCTURAL DESIGN

Figure 1 shows the schematic diagrams of the dual-band
Mie-resonance extraordinary transmission-based microwave
filter. As shown in Fig. 1(a), two subwavelength apertures
with a diameter of D = 3.2 mm are perforated on a metallic
film of thickness t = 1 mm. The size of the metallic film is set
as 22.86 ∗ 10 mm2 for the utilization in waveguide. In order to
facilitate the establishment of the model, the distance between
the two apertures of A1 and A2 is 10 mm. To realize the
VOLUME 7, 2019

FIGURE 1. Schematic diagrams of the dual-band Mie-resonance
extraordinary transmission-based microwave filter. (a) Metallic plate with
two subwavelength apertures. (b) Perspective view and (c) cross-section
(yx -plane) of two dielectric cuboids placed in the apertures.
(d) Photograph of the fabricated dielectric cuboids.

extraordinary transmission, two dielectric cuboids are placed
in the apertures. Figure 1b and 1c show the perspective view
and cross-section (yx-plane) of two dielectric cuboids placed
in the apertures. The dielectric cuboids are CaTiO3 -based
ceramic that doped with 2 wt.% Zr2 O. The permittivity and
loss tangent of the dielectric cuboids are 124 and 0.002,
respectively. The ceramic is sliced into two dielectric cuboids
with dimensions of a × a × a mm3 and l × a × a mm3 , where
a is 2.0 mm, the length l of the dielectric cuboid in the aperture of A1 is 2.0 mm, 2.2 mm, 2.6 mm and 3.0 mm, respectively. The photograph of the fabricated dielectric cuboids are
shown in Fig. 1(d).
The numerical predictions of the transmission properties
are performed by the commercial CST Microwave Studio.
The boundary conditions of the x and z directions are set as
electric (Et = 0), and the boundary condition of y direction
is open. Figure 2(a) shows the simulated transmission spectrum for the metallic plate with two subwavelength apertures.
Figure 2(b) shows the simulated transmission spectra for
the dielectric cuboid with a series of length l. The insets
are the schematic diagram of the simulation setup for the
dielectric cuboid. Based on Mie resonance theory, at the first
resonance the dielectric resonator is equivalent to a magnetic
dipole within the long-wavelength limit. Owing to the magnetic Mie-resonance, a transmission dip appears in the range
of 9.5 - 12.0 GHz. As the length l of the dielectric cuboid
increases from 2.0 mm to 3.0 mm, the resonance frequency
decreases from 11.5 GHz to 10.1 GHz. The Mie-resonance
frequency of a rectangular cavity resonator with metal walls
can be described as [30]
r 
m 2  n 2  p 2
1
f = √
+
+
(1)
2 εµ
w
l
h
where integers m, n and p are the number of half wave
variations in the x, y and z directions, respectively; w, l and h
are the wide, length and height of the dielectric resonator in
the x, y and z directions, respectively; ε and µ are the permittivity and permeability of the resonator, respectively. According to (1), the magnetic Mie-resonance frequency can be
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FIGURE 3. (a) Simulated transmission spectrum for the proposed filter
with a series of thickness t . (b) Simulated transmission spectrum for the
length variation of the two dielectric cuboids.

FIGURE 2. (a) Simulated transmission spectrum for the metallic plate
with two subwavelength apertures. (b) Simulated transmission spectra
for the second dielectric cuboid with a series of length l . The insets show
the schematic diagrams of the simulation setups. (c) Measured
transmission spectrum for the metallic plate with two small apertures.
(d) Measured transmission spectra for the second dielectric cuboid with a
series of length l.

influenced by the size of the dielectric resonator. The resonance frequency will decrease as the l increases. Obviously, the theoretical predictions agree with the simulated
results shown in Fig. 2(b). The microwave measurement system is composed of a vector network analyzer (HP 8720ES)
98788

and two X-band rectangular waveguides (WR90, 22.86 ×
10.16 mm2 ). The microwave with TE10 mode propagates
along with y axis, the electric field direction and magnetic
field direction of normal incident wave is along with z axis
and x axis, respectively. Figure 2(c) and 2(d) show the measured transmission spectra for the metallic plate with two
small apertures and the dielectric cuboid with a series of
length l, respectively. One can see that the measured results
are in good agreement with the simulated ones. Based on the
size effect of the dielectric cuboid, a filter with dual-band
property is designed.
In addition to the above simulations, the thickness t of
the metallic film is also an important parameter. Figure 3(a)
shows the simulated transmission spectra of the proposed
filter with various metallic film thickness t. From this figure,
the transmission spectra curve shifts to high frequency as
a result of increasing the thickness. However, the metallic film with two apertures can’t transmit electromagnetic
wave. Thus, this changing of transmission spectra is possibly occurred by altering the relative position between the
dielectric cuboids and the metallic film. To verify this suppose, the simulated transmission spectrum for the length
variation of the two dielectric cuboids are depicted in the
Fig. 3(b). As shown in this figure, altering two dielectric
VOLUME 7, 2019
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FIGURE 4. (a) Schematic diagram of the filter with single aperture.
(b) Simulated transmission spectrum for the single-aperture filter with a
series of length l’.

cuboids’ lengths can realize the same effect as changing the
metallic film thickness, which demonstrates the above predictions. Moreover, this method is more regular and obtains
larger adjustable range.
III. RESULTS AND DISCUSSION

Firstly, the electromagnetic response to the filter with single aperture is discussed. The schematic diagram of the
single-aperture filter is shown in Fig. 4(a). All parameters
are same as Fig. 1(a) except the single aperture structure.
Figure 4(b) shows the simulated transmission spectra for the
filters with a series of cuboid length l 0 . As l 0 increases from
2.0 mm to 3.0 mm, the center frequency of the single-aperture
filter decreases from 11.59 GHz to 10.30 GHz, coinciding
well with the Mie-resonance theory (a rectangular cavity
resonator).
Fig. 5(a) shows the schematic diagram of the simulation setup for the dual-band Mie-resonance extraordinary
transmission-based microwave filter. The parameters in the
simulations are consistent with that in the measurements.
Fig. 5(b) shows the simulated transmission spectra for the
filters with one and two dielectric cuboids. It can be seen that
the bandwidth of the passband for the filter with two dielectric
cuboids is much broader than that for the filter with one
dielectric cuboid. The Simulated transmission spectra for the
filter with a series of cuboid length l are shown in Fig. 5(c).
VOLUME 7, 2019

FIGURE 5. (a) Schematic diagram of the simulation setup for the
dual-band Mie-resonance extraordinary transmission-based microwave
filter. (b) Simulated transmission spectra for the filters with one and two
dielectric cuboids. (c) Simulated and (d) measured transmission spectra
for the filter with a series of length l.

The size of one cuboid is fixed. When the length of the second
cuboid is the same as that of the first cuboid (l = 2.0 mm),
a passband appears at 11.74 GHz. When l > 2.0 mm, two
passbands appear in the frequency range of 10.0 - 12.0 GHz.
It can be seen that the center frequency of one passband
still locates around 11.74 GHz, while the center frequency
of the other one decreases from 11.30 GHz to 10.35 GHz
as l increases from 2.2 mm to 3.0 mm, which demonstrates
a frequency tunable behavior. Moreover, the bandwidths of
98789
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FIGURE 6. Simulated cross-sectional electric field distributions for the
two apertures.

these passbands are 11.26 – 11.34 GHz, 10.69 – 10.78 GHz,
and 10.30 - 10.40 GHz, respectively. The dual-band Mieresonance extraordinary transmission-based microwave filters were placed into the waveguides to measure the transmission property. Figure 5(d) shows the measured transmission
spectra for the filter with a series of length l. A passband
appears at 11.73 GHz when l = 2.0 mm. As l increases from
2.2 mm to 3.0 mm, one passband frequency is 11.72 GHz,
the other passband frequency decreases from 11.12 GHz to
10.35 GHz. And the measured values are 11.09 – 11.15 GHz,
10.70 – 10.76 GHz, and 10.31 – 10.39 GHz, respectively. The
measured results agree well with the simulated ones. Due to
the simple structure, the proposed filter mainly has dielectric
loss of the dielectric cuboids. When l = 3.0 mm, the transmission coefficients are −2.5 dB and −3.5 dB for the frequencies
of 10.35 GHz and 11.74 GHz. The measured results are in
good agreements with the simulated ones, which confirms the
prediction that the filter has dual-band and frequency tunable
behaviors.
In order to figure out the underlying physics of the above
phenomenon, we simulated the electric field distributions
of the proposed filter. The upper and lower four maps
in Fig. 6 illustrate the cross-sectional electric field distributions for the apertures A1 and A2, respectively. The length
of the dielectric particle placed in aperture A2 is constant.
Without the dielectric cuboids, the microwave cannot propagate through the subwavelength apertures (shown in the first
column of two maps). From two maps in the second column,
we can see that the electromagnetic fields are extremely
localized at the two dielectric cuboids and the microwave
can propagate through the subwavelength apertures. Because
the length of the second cuboid is the same as that of the
first one (l = 2.0 mm), magnetic Mie-resonances of the two
dielectric cuboids occur at the same frequency of 11.74 GHz.
Combined with the result shown in Fig. 3(b), one can see
that only one passband appears in the frequency range of
10.0 GHz - 12.0 GHz and the bandwidth of this passband
is enhanced. The two maps in the third column show the
electric field distributions of the filter with l = 3.0 mm
at 11.74 GHz. It can be seen that the Mie-resonance takes
place in the first dielectric cuboid placed in aperture 1 and
there are no electromagnetic fields localized at the second
98790

dielectric cuboid. The two maps in the fourth column show
the electric field distributions of the filter with l = 3.0 mm at
10.35 GHz. There are no electromagnetic fields localized at
the first dielectric cuboid and the Mie-resonance takes place
in the second dielectric cuboid placed in aperture 2. Because
two Mie-resonances occur at two different frequencies, two
passbands appear in the frequency range of 10.0 - 12.0 GHz.
Based on the above results, we can know that the passbands
of the proposed filter are induced by the Mie-resonance
of the dielectric cuboids. The first dielectric cuboid placed
in aperture 1 plays an important role in the passband at
11.74 GHz and the second dielectric cuboid placed in aperture
2 plays a key role in the passband at 10.35 GHz. Hence,
the passband frequencies can be tuned by adjusting the
size of the dielectric particles. Based on the above analyses, this design can be used in special frequency selective
device.
IV. CONCLUSION

A Mie-resonance extraordinary transmission-based dualband microwave filter is designed and fabricated for
satisfying the demands of modern communication. The Mieresonance frequency of the dielectric cuboid can be controlled by the cuboid size. By placing two dielectric cuboids
of different sizes into the subwavelength metallic apertures,
dual-band characteristic is realized. Both the simulated and
measured results show that the passband frequencies can
be tuned by adjusting the size of the dielectric cuboids.
Moreover, the low loss and dual-band characteristics can
effectively improve the signal quality and reduce the amount
of data sent to the following stage to lower dynamic power,
which is benefit for improving service quality of the D2D
communication, smart city and intelligent devices. This work
provides a way to fabricate microwave bandpass filters that
have great potential for promoting the development of modern wireless communication systems in urban computing and
intelligence applications.
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