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Abstract—In this paper, a novel narrowband frequency selective
surface (FSS) with a stable performance based on substrate integrated
waveguide technology is presented. The unit cell of the FSS consists of
a double-sided metalized substrate with a circular hole and a SIW
circular cavity. In this way, incident EM waves enter the circular
cavity and excite a TM110 cavity resonance, leading to a narrow passband. The high-Q property of the TM110 cavity resonance provides
a very good wide-angle and polarization-independent stability. Both
the simulation and experimental results show that such narrowband
FSS owes its advantages to high selectivity, low profile stable
performance with various incident angles and different polarizations,
which is suitable for impulse detections, narrow-band communications,
electronic countermeasures, etc.
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1. INTRODUCTION
For more than four decades, Frequency Selective Surfaces (FSSs)
have been widely studied for their various applications in spatial
microwave and optical filters. They have been used as polarizers,
filters, subreflectors, band-pass hybrid radomes for radar cross section
(RCS) controlling [1]. In these applications, it is necessary that
FSS provide stable performance for different incidence angles and
polarization states. Many methods are adopted to improve the
performance of FSSs. Luebbers and Munk studied the effects of
dielectric loading on FSSs [2]. Three-dimensional structures were
designed to obtain isotropic FSSs [3]. Complementary FSSs have been
analyzed in [4–6]. References [7–10] made use of resonant structures to
design miniaturized FSSs whose dimensions were much smaller than
the operating wavelength. In order to get high quality factor of open
resonance structures, substrate integrated waveguide (SIW) technology
was introduced by Luo et al. [11] to design high performance FSSs.
SIW-FSS structures keep the advantages of conventional metallic
waveguides, such as high Q-factor, high selectivity, cutoff frequency
characteristic, high power capacity etc. Based on this method, many
excellent SIW-FSSs were studied in [12–14].
In some practical applications, such as impulse detections,
electronic countermeasures, narrowband communications, narrowband
FSSs are required to improve the out-of-band block performance, or
to increase the utility and re-use of the available spectrum. Single
and two layer FSSs with narrow passband have been studied in [15]
and [16], respectively. Parker et al. studied two arrays of single-ring
slots with different radii supported on either side of a thin dielectric
substrate form FSS with narrow band-pass transmission responses [17].
Design of narrow band-pass waveguide filter using FSSs loaded with
surface mount capacitors based on split-field update FDTD method
was reported in [18]. In [19], the Fabry-Perot approach is introduced
to design narrow band-pass FSSs.
In this paper, we use the SIW technology to design a narrow bandpass FSS. The resonance introduced by the cavity possess a stable
performance whatever the incident angles or the polarizations are.
The aperture resonance is adjusted to be far away from the cavity
resonance in order not to disturb the cavity resonance. In the end, we
obtained a narrow band-pass frequency selective surface with excellent
performances. Both the simulation and experimental results show
that this narrowband FSS has advantages of high selectivity, stable
performance, compact volume and it is easy to be fabricated by the
print circuit board (PCB) technology without post processes.
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2. ANALYSIS AND DESIGN
Geometrical dimensions of the unit cell in Fig. 1 are: p = 15 mm,
d0 = 4.8 mm, d1 = 1.0 mm, d2 = 0.2 mm. rc = 6.8 mm, θ = pi/12.
In order to form SIW cavity whose quality factor is no less than
that of conventional metal cavity, the conditions of d1 /λ0 ≤ 0.1
and d1 /(b∗ γ) ≥ 0.5 must be satisfied [20], so we chose d1 = 1 mm,
θ = pi/12. 24 metallic stubs are arranged so as to form a circular
waveguide cavity. The FSS arrays have a substrate with relative
permittivity of εr = 2.65, loss tangent of 0.001 and thickness of
hsub = 1 mm. A hole with diameter d0 = 4.8 mm was punched through
the substrate. Such periodic distribution of sub-wavelength hole could
lead to extraordinary transmission phenomenon which has been fully
studied and experimentally verified in [21–24]. In this paper, we will
observe the relative field distributions to analyse this phenomenon.
z

d1

metallic via array
y

d0

p

d2

x

rc

Y

metal surface

θ
dielectric ε r =2.65

h sub =1 mm
O

X

p

(a)

(b)

Figure 1. Geometrical configuration of the unit cell. (a) Top view.
(b) 3D view
We used the full wave simulation method finite element method
(FEM) to calculate its reflection and transmission characteristics.
Assume that the SIW-FSS is an infinite periodic structure. The single
SIW-FSS is excited by an incident plane wave with different incident
angles and polarizations. The four sides of the unit cell are set to
be periodic boundary conditions (PBC). Fig. 2 gives the transmission
spectra under normal incidence. We can see from Fig. 2 that there
are three evident resonances at 16.6 GHz, 30.4 GHz and 34.4 GHz,
respectively.
The electric field distributions at the first resonance at 16.6 GHz
are plotted in Fig. 3(a). The first resonance at 16.6 GHz corresponds
to a cavity resonance introduced by the circular SIW cavity. The
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Figure 2. Simulated frequency response of the structure.
electric field component is mainly Ez and it is perpendicular to the
incident plane as well as the incident field, as shown under the Fig. 3(a).
Fig. 3(b) gives the magnetic field distribution at 16.6 GHz under
normal incidence. It can be found that the magnetic field at 16.6 GHz
exhibits two vortex-like magnetic fields with opposite directions. So
we can affirm that it is a TM110 cavity mode which is similar to that
of a conventional circular cavity resonance.
The second at 30.4 GHz corresponds to an aperture resonance,
since the main electric field component is Ey, which is along the
aperture, as shown in Fig. 3(c). The third resonance at 34.4 GHz is a
higher-order cavity resonance. It is a TM120 mode and the main electric
field component is Ez, which is also perpendicular to the incident field,
as shown in Fig. 3(d).
3. FSS WITH STABLE RESONANCE
It is necessary that FSS provide stable performance under different
incidence angles and polarizations. Usually, slot FSS based on
SIW cavity are constructed to get two resonances and then the two
resonances are adjusted so as to be close to each other. A transmission
null is caused by the coupling effect of the two resonances. A rapid rolloff edge will be generated by this transmission null. So a FSS with high
selectivity and stable performance will be obtained [11]. Furthermore,
multilayer and component FSS-SIW structures are cascaded to obtain
quasi-elliptic band-pass response [12, 14].
In this paper, we do not concern the aperture’s resonance and
higher-order resonances of the cavity, but just focus on the SIW
cavity resonance. Fig. 4 gives the frequency responses under different
incidence angles and polarizations. From Fig. 4 we can find that
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Figure 3. Field distribution diagrams of different modes in which the
white blank corresponds to zero electric field and black corresponds to
the strongest electric field. (a) Electric field distribution diagrams of
the cavity TM110 resonance. (b) Magnetic field distribution diagrams
of cavity TM110 resonance. (c) Aperture resonance at 30.4 GHz. (d)
Higher-order cavity resonance at 34.4 GHz.
frequency of TM110 cavity resonance is rather stable under oblique
incidence angles from 0◦ to 50◦ for both TE and TM polarization.
The aperture resonance frequencies shift from 30.4 GHz to 29.1 GHz
(TM polarization)/28.8 GHz (TE polarization) as the incident angles
increase from 0◦ to 50◦ . For both TM and TE polarizations, the higher
order cavity resonances frequencies decrease from 34.4 GHz to 34.0 GHz
as the incident angles increase from 0◦ to 50◦ . Grating lobes emerged at
about 39.0 GHz for TM polarization at 25◦ incident angle. When the
incident angle increases to 50◦ , the grating lobes shift to 33.0 GHz.
For TE polarization and 25◦ incident angle, grating lobes emerge
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Figure 4. Frequency responses of the FSS with different polarizations
and incident angles. (a) Reflection. (b) Transmission.
at 38.9 GHz. When the incident angle increases to 50◦ , the grating
lobes shift to 37.4 GHz. The desired central resonance frequency is at
16.6 GHz and the −0.5 dB and −3 dB bandwidth are 16 MHz, 51 MHz,
respectively. So the associated loaded quality factor is about 325.5.
The bandwidth ratio of different polarizations and different incident
angles is very close to 1.0. In addition, even up to 28 GHz, there are
no other resonance frequencies or grating lobes.
4. EXPERIMENT
An experiment was carried out to verify our design. The proposed
FSS in Section 2 is fabricated by using a F4B-2 substrate, whose
permittivity is 2.65 and loss tangent 0.001. Fig. 5(a) shows the
prototype of the fabricated structure. It is made up of the array of
15 × 15 (in the x- and y-axis directions) unit cells, so the overall size
of the structure is 225 mm × 225 mm. The FSS was measured by free
space method.
Measured and simulated transmission coefficients with a plane
wave normal incidence are presented in Fig. 5(b). The measured
insertion loss of 1.4 dB is higher than the simulated insertion
loss of 1.2 dB. Measured resonance frequencies shift from 16.6 GHz
(simulation ones) to 16.9 GHz. Such discrepancies between the
measured and simulated results can mainly be attributed to fabrication
precision of the structure and the losses of the measuring system.
Figs. 5(c) and (d) show the measured transmission spectra under
different incident angles at TE polarization and TM polarization,
respectively. Because the sample is not large enough, edge effect will
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Figure 5. Experiment. (a) Prototype of the fabricated structure. (b)
Simulated and measured results comparison with plane wave normal
incidence. (c) Measured transmission curves with various incident
angles with TE polarization. (d) Measured transmission curves with
various incident angles with TM polarization.
be caused as the incident angle increases, so the incident angles in the
measurement are limited below 30◦ . Because of the symmetry of SIW
cavity FSS, the frequency response of the two different polarizations
under normal incidence is identical in theory.
The measure resonant frequencies occur at 16.90 GHz are not
changed not only under various incidence angles but also at different
polarizations. Insertion loss increases slightly as the incident angles
increase. Bandwidth ratio of different polarizations and different
incident angles is still near 1.0. In addition, there are no other
transmission resonance frequencies except the expected ones.
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5. CONCLUSION
In this paper, we proposed a novel compact frequency selective surface
with stable frequency-selective performances. The cavity resonance
provides excellent stability to both oblique incidences and different
polarizations. An experiment was carried out. The measured results
are in good agreement with the simulation ones. The narrow passband FSS has advantages of high selectivity, quite stable performance
and its thickness is less than λ/18. The presented FSS, by virtue of
these advantages, provides practical applications to impulse detections,
narrow-band communications, electronic countermeasures, etc.
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