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High-selective band-reject FSS with
dual-band near-zero refractive index based
on complementary dual-layer symmetry

resonator-ring

RUI XI, LONG LI, YAN SHI, CHENG ZHU AND XI CHEN

A new band-reject frequency-selective surface (FSS) based on dual-band near-zero refractive index metamaterial (ZIM)
design is presented in this paper. Consisting of a planar array of complementary dual-layer symmetry resonant ring, the pro-
posed FSS exhibits a high-selective band-reject filtering response. From the viewpoint of effective medium, the subwavelength
FSS is characterized by near-zero effective magnetic permeability and near-zero effective electric permittivity in two different
operational bands, respectively. The corresponding resonant behavior and E-field distributions are analyzed in detail. A
prototype of the proposed FSS working in X-band is fabricated and measured. The simulation and experiment results
verify the effectiveness and correctness of the ZIM-based design method.
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. INTRODUCTION

In recent years, frequency-selective surfaces (FSSs) have
drawn extensive attention of many researches in spatial
filters, antenna radomes for RCS (radar cross-section) con-
trolling, and Cassegrain reflector antennas [1-3]. As spatial
filters, FSS can be designed to exhibit band-pass and band-
stop responses [1], respectively. A typical single layer FSS con-
sists of two-dimensional (2D) periodic array of unit cells, and
it is well known that its filtering response suffers from poor
selectivity and narrow bandwidth. To improve its filtering
characteristics, cascading multilayer FSS is a common tech-
nique [4, 5]. Other methods have also been reported lately,
for example, a 3D FSS [6], SIW (substrate integrated wave-
guide) design [7, 8], and 2D periodic array of vertical micro-
strip lines [9, 10]. However, it is not easy to achieve good
selectivity response with planar layered band-reject FSSs due
to the lack of enough coupling.

Researches in near-zero refractive index metamaterials
(ZIM) [11, 12] have attracted much attention over the past
decades. Based on the effective media characteristics, ZIM
can be classified into three categories: magnetic permeability
() is near-zero metamaterial (MNZ), electric permittivity (&)
is near-zero metamaterial (ENZ), and both permeability and
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permittivity are near-zero metamaterial (DNZ). It has been
demonstrated that a ZIM is capable of reshaping phase and
concentrating beams in a small zone [13, 14]. However, imped-
ance mismatch will occur for ENZ and MNZ cases due to their
wave impedance m = /u/e approaches infinity and zero,
respectively. Good transmission can be achieved for DNZ
case, of which impedance is equal to the impedance of free
space, and thus the normalized impedance is n=1. It is
worth noting that nearly full transmission of electromagnetic
energy is allowed for the ENZ case even in the presence of
strong impedance mismatch [15]. This charming phenomenon
is the inherent ability of the ENZ to squeeze and tunnel electro-
magnetic energy through narrow subwavelength waveguide
channels [16]. These specific effective media properties can be
effectively adopted to design a FSS for the band-reject or band-
pass filtering characteristics.

In this paper, we propose a new design of band-reject FSS
exhibiting dual-band near-zero refractive index with MNZ
and ENZ properties. The element of complementary dual-
layer symmetry resonator-ring (CDSRR) is designed to
support magnetic and electric Lorentz models [17] in two dif-
ferent frequency bands, respectively. A good pseudo elliptic
band-reject filtering response is thus realized by coupling
the two resonant modes. Based on its effective medium char-
acteristics extracted from the S-parameters [18], a new insight
into the band-reject FSS’s filtering responses has been given. It
should be noted that not only the transmission zeros and poles
can be adjusted, but also the ENZ tunneling frequency of the
FSS can be independently controlled, which makes it conveni-
ent for specific filtering design. The proposed FSS based on
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ZIM model has some advantages, such as high-selectivity,
low-profile, easy fabrication, etc. It also has a potential appli-
cation value in spatial filtering and antenna beam shaping.

This paper is organized as follows. Section II introduces
the design and configuration of the proposed CDSRR FSS.
The analytical model is presented based on the effective
medium characteristics. Section III gives an optimized para-
metric study of the new structure based on the analytical
model presented in Section II. Then, the fabrication and meas-
urement of the FSS prototype working in X-band are pre-
sented in Section IV. Finally, a brief conclusion of this work
is drawn in Section V.

Il. CDSRR FSS DESIGN AND
CONFIGURATION

The geometrical pattern of the proposed CDSRR ESS is shown
in Fig. 1(a). The metallic pattern symmetrical about y- and
z-axes is printed on both sides of the substrate with thickness
h = 3.0 mm, relative permittivity &, = 2.65, and loss-tangent
tand, = 0.0013. The thickness h is approximately A/12 (A is
the operational wavelength in free space), which is a low-
profile design. It consists of a square patch etched by an
annular slot, a pair of rectangular slots on both side arms
along the z-axis with width gap, = 3 mm, and two pairs of
orthogonal rectangular slots rotated +45° from the z-axis
with width w, = 3 mm and w, = 4 mm, respectively. The
dimension of the square patch is P= 18 mm. The inner
radius and outer radius of the annular slot are a = 6.3 mm
and b = 8.7 mm, respectively. In addition, this pattern is sur-
rounded by a square ring slot with width gap, = 0.3 mm.
Figure 1(b) shows the simulation model of unit cell of the pro-
posed CDSRR FSS in a TEM waveguide using Ansys HFSS. As
is illustrated, the unit cell can be arranged and arrayed along y-
and z-axes since the E-field is applied along the y-axis, while
the H-field along the z-axis with a normal incidence along
the x-axis. Based on the traditional theoretical guidance pre-
sented in [20, 21], in which an electrically coupled magnetic
resonance is produced by a split-ring resonator (SRR) and
an electric Lorentz model is formed by an electric
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inductive-capacitive resonator (ELC). Inspired by this phe-
nomenon, we design the CDSRR pattern as the geometry of
the unit cell to produce a dual-band near-zero refractive
index performance. The systematic connection between the
geometrical features of the CDSRR pattern and the expected
electrical response can be described as follows.

Firstly, as can be observed from Fig. 1, the CDSRR pattern
is designed as the complementary structure of a SRR with
polarization configured in accordance with the dual sources
in Babinet’s principle [22]. The original SRR is obtained by
replacing the metal parts of the CDSRR structure with aper-
tures, and the apertures with metal plates. Then the SRR
gaps are formed by the right- and left-side arms along the
y-axis with width gap, = 3 mm. As has been demonstrated
in [21], when the E-field is applied parallel to the gap-bearing
side of the SRR with direction of propagation perpendicular to
the SRR plane, a magnetic dipole can be obtained to achieve a
negative permeability. However, it should be noted that the
electrically coupled magnetic resonance is an indirect one,
and it is inevitably weak compared with the magnetic reson-
ance excited by the magnetic field directly normal to the
SRR plane. On the other hand, the CDSRR pattern is designed
as an ELC with the upper and lower side arms along the z-axis
served as the electric resonant arms. Capacitor is formed
between adjacent electric resonant arms arranged periodically
along the y-axis, an electric Lorentz model can be possibly
produced to achieve a negative permittivity. This expected
electrical response can be confirmed in Fig. 2(d), in which
the simulated effective permeability and permittivity both
exhibit a negative value.

Secondly, transmission zeros also appear at f; and f, with
strong magnetic and electric resonance as shown in Figs
2(a) and 2(d), and thus a stop-band is formed between f,
and f,. To form a stop-band spatial filter with good selectivity,
we should separate the resonant frequencies of the negative
permittivity and the negative permeability apart. The
CDSRR pattern is etched by an annular slot and two pairs
of orthogonal rectangular slots rotated +45° from the
z-axis, the capacitance to adjacent cells is dramatically
enhanced and consequently, the resonant frequencies of the
electric and magnetic Lorentz models are reduced to lower

Fig. 1. Geometry of the proposed CDSRR FSS. (a) Top view of the unit cell, and (b) simulation configuration.
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Fig. 2. Simulated S parameters and extracted effective constitutive parameters of the proposed CSDRR FSS unit cell. (a) Filtering responses, (b) normalized wave
impedance, (c) effective index of refraction, and (d) effective permeability and permittivity.

frequencies. By carefully adjusting the dimensions of the slots,
we can separate the resonant frequencies of the electric and
magnetic resonances apart. Experimental results later shown
in this paper can reasonably reproduce the simulation per-
formance. As will be discussed in Section III, the simulated fil-
tering response of the unit cell can be optimized by carefully
adjusting w,, w,, and b of the slots and gaps. Therefore, the
resonant frequencies of the negative permittivity and the
negative permeability can also be affected due to the inner
relations between them, as will be described in the subsequent
part of Section II. As can be observed in Fig. 2(c), a dual-band
near-zero refractive index performance is thus formed. This
performance can also be demonstrated by experimental
results later shown in this paper.

In addition, the transmission coefficient will arrive at the
peaks for the near-zero refractive frequencies due to the con-
centrating beam property [13, 14]. Based on these special
characteristics, we can then design the band-pass and
band-reject performance of the ZIM, which makes the
CDSRR as ZIM unit cell but also FSS cell. The CDSRR FSS
can exhibit a high-selective band-reject filtering response
with dual-band near-zero refractive index properties.

The simulated S parameters and normalized wave imped-
ance of the proposed CSDRR FSS unit cell are shown in
Figs 2(a) and 2(b), respectively. It can be seen from the reflec-
tion response that the bandwidth ratio of —3 to —o.5 dB
is 1.18, and the reflection response around 8.78 GHz drops
from —3dB to the reflection zero of —38.8dB in
<350 MHz, thus resulting in a higher selectivity than a con-
ventional FSS. Two reflection zeros of f, = 6.91 GHz, f, =

https://doi.org/10.1017/51759078717000526 Published online by Cambridge University Press

8.95 GHz and two reflection poles of f, =7.17 GHz, f, =
8.26 GHz of the proposed CSDRR FESS are also observed in
Fig. 2(a). The extracted refractive index, permeability and per-
mittivity are shown in Figs 2(c) and 2(d), respectively. We can
observe from Fig. 2(c) that the proposed FSS has two
zero-refractive-index frequency points f,, = 7.55 GHz and
fz» = 8.83 GHz produced by near-zero permeability and near-
zero permittivity, respectively.

The extraction method for the effective medium para-
meters was presented in [18]. It is well known that in the inter-
face between artificial material slab and free-space, S
parameters scattering at normal incidence for a symmetrical
material with thickness / can be given as

(v — 1) = 22)

Su - Szz = 2 ’
(m+1) —(m—12

(1)

4nZ

S.—8, —
T (41— (m— )22

, (2)

where 7 represents the normalized wave impedance of the
material, Z = exp( — jkh) is the transmission term, k is the
wave number in free space, u. and g, are the effective perme-
ability and effective permittivity, respectively. The normalized
wave impedance 7 is defined as n = /., /€.. As can be specu-
lated from the permeability and permittivity shown in
Fig. 2(d), the values of the normalized wave impedance can
be calculated. In addition, it should be noticed that all the
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effective permittivity, effective permeability, and the normal-
ized wave impedance are defined in the form of complex
value, which include not only real part, but also imaginary
part. The normalized wave impedance is presented in
Fig. 2(b), in which 7 approaches zero and maximum at
zero-refractive-index frequency points f,, and f,, can be
explained in terms of the near-zero u, and near-zero g,
respectively. It can be further observed from Figs 2(a) and
2(b) that 7 is almost equal to one at two reflection zeros of
f, and f,, where the impedance are well matched. However,
resonant frequencies f, and f, are defined as reflection poles,
where the normalized wave impedance 7 is almost equal to
zero. What’s more, transmission zeros also appear at f; and
f, with strong magnetic and electric resonance as shown in
Fig. 2(d). Thus, a stop-band is formed between f; and f, due
to the mismatched impedance, which can also be observed
in Fig. 2(a). It should be noticed from Figs 2(b) and (2d)
that the 7 resonances at f, and f, correspond to the negative
resonance peak of w, and &,, respectively. Based on the analyt-
ical model above, it is clearly clarified that 7 builds not only a
bridge between reflection resonant frequency points and

£,=6.91 GHz

£=7.17 GHz

(a)

(b)

f4=7.55 GHz
(c)

zero-refractive-index frequency points, but also determines
the filtering responses of the proposed FSS.

Additionally, an interesting property can be observed in Figs
2(a) and 2(b) that a good transmission is achieved at
zero-refractive-index (ENZ) frequency point f,, though 7
approaches maximum. This phenomenon is, in fact, a conse-
quence of the ENZ tunneling effect due to the near-zero permit-
tivity characteristic of the proposed FSS. With excitation assigned
on Port 2 in Fig. 1(b), the electric field distributions in the xoy-
plane at reflection resonances and zero-refractive-index frequen-
cies are shown in Fig. 3. As expected, the electric field is concen-
trated on the FSS at the tunneling frequency f,,. Good power
transmissions are also clearly noted at f, and f,, which demon-
strate the fact that 7)is matched to the free space. On the contrary,
for electric distributions at f;, f,, and f,,, the power can barely
transmit the structure, while most of the power is reflected.

Electric field distributions of the proposed FSS at re-
flection resonances and zero-refractive-index frequencies are
illustrated in Fig. 4 to provide a reference and guideline for
further analysis of the filtering response, red parts on the elec-
tric distribution indicates the dominant dimensions affecting
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Fig. 3. Electric field distribution in the xoy-plane at reflection resonances and zero-refractive-index frequencies inside the waveguide shown in Fig. 1(b) with
excitation assigned on port 2. (a) Reflection zeros f, =6.91 GHz and f, = 8.95 GHz, (b) reflection poles f,=7.17 GHz and f, = 8.26 GHz, and (c)
zero-refractive-index frequency points f,, = 7.55 GHz (MNZ) and f,, = 8.83 GHz (ENZ).
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the corresponding resonant frequency. As shown in Fig. 4, an
electric concentration on the upper and lower parts in the
z-direction can be observed at all the frequency resonances
fu for f5 fo oo and f,, which means that a general frequency
shift can be achieved by adjusting the dimension of the upper
and lower parts in the z-direction. What’s more, the pole f,
and zero-refractive-index frequency point f,, are also signifi-
cantly affected by inner fan-shaped patches as shown in Figs
4(a) and 4(c). It is worth pointing out that the position of
the tunneling frequency f,, can be independently tuned by
changing the dimensions of the inner fan-shaped patches.
According to the effective medium characteristics of the pro-
posed ESS, near-zero permeability at f,, and negative perme-
ability at f, indicate a dominant H-field resonant behavior,
while near-zero permittivity at f,, and negative permittivity
at f, indicate a dominant E-field resonant behavior.

Therefore, by properly adjusting the parameters of the
structure, the proposed CSDRR FSS can exhibit a steep high-
selective band-reject filtering response, a satisfactory perform-
ance of rapid roll-off, and a much lower profile with only a
planar single layer. Moreover, it is much appealing for the
independent control on the tunneling frequency since the tun-
neling condition is met only at one specific frequency.

. PARAMETRIC STUDY AND
DISCUSSION

In order to prove the effectiveness of the proposed analytical
model described in Section II, a parametric study of the pro-
posed CSDRR ESS related to the filtering responses is carried
out.

N
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Fig. 4. Electric field distribution of the proposed CSDRR FSS at reflection resonances and zero-refractive-index frequencies. (a) Reflection zeros f, = 6.91 GHz and
f> = 8.95 GHz, (b) reflection poles f, = 7.17 GHz and f, = 8.26 GHz, and (c) zero-refractive-index frequency points f,, = 7.55 GHz (MNZ) and f,, = 8.83 GHz

(ENZ).

https://doi.org/10.1017/51759078717000526 Published online by Cambridge University Press

247


https://doi.org/10.1017/S1759078717000526

248

RUI XI ET AL.

0 a
104 [Y 4 oy
1 |S:||
E‘ =204
S )
3 -30- H
= W
g 404 '
- 1 .
504 - e—— -h-Jl = 3 mm : i
| == =t =3.6mm 8
1
604 =w= =1y, = 4.2 mm ' 7
T T T T T T
7.0 1.5 8.0 8.5 9.0 95

Frequency (GHz)
(a)

-104
% 204 /|
¥} ]
=2 I
£ -301 4
-C [ ]
Y y
= 40 y
§
f 4
50 =4 = iy = 4.5 mm Sl 1 .
=& o=y =55 mm :
_60 1 Ll T 1 T 1
7.0 7.5 8.0 8.5 9.0 9.5

Frequency (GHz)
(b)
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=10+

=20

)
=2
o y 1
o ] 1 ]
= : o ol
§ 304 I - ’ .
] g i
= ! :
A0 O = 1]
e oo’y = §.3 mMm
.50 = @ semCm=h =8 7 mm [ . |

T y T
8.0 8.

'?Tl'l ?!5 5 9.0
Frequency (GHz)
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A) Orthogonal slots (w,, w,)

The effect of the orthogonal slots width w, and w, on the filter-
ing responses of the proposed FSS is shown in Fig. 5. According
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to the analytical model described in Section II, w, dominates the
adjustment of f, and f,, by changing the area of the inner fan-
shaped patches. It can then be verified from Fig. 5(a) that while
w, increases, the tunneling frequency f,, and reflection zero f,
will shift to higher frequency without influence on other reson-
ant frequencies. It is flexible in the independent adjustment of
the tunneling frequency f,,. This phenomenon is due to the
fact that the capacitor formed between adjacent electric reson-
ant arms arranged periodically along the y-axis is reduced as
w, increases, and thus the resonant frequency of electric
Lorentz model is increased. The center frequency of the stop-
band also shifts to higher frequency accordingly, which leads
to a widen stop-band bandwidth and a sharper skirt.

It can be seen from Fig. 5(b) that all resonant points will
shift to higher frequency with the increase of w,. As shown
in Fig. 4, increasing w, will result in a decrease in the areas
of the upper and lower parts in z-direction, which is also
the electric field concentration parts. Furthermore, we can
see that the reflection zero f, presents a much smaller fre-
quency shift compared with the reflection zero f, due to the
unchanged inner fan-shaped electric field concentration at
fo. Therefore, the center frequency of the stop-band is
shifted higher with different frequency shift levels of f, and
f>. The bandwidth of stop-band is thus narrowed with the
increase of w,.
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Fig. 7. Frequency responses of the proposed FSS with different h. (a) Reflection coefficient, and (b) transmission coefficient.
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(b)

Fig. 8. Photograph of the fabricated FSS prototype and measurement system setup, (a) fabricated FSS prototype, and (b) measurement system setup for FSS in the

near-field zone.

B) Outer radius of the annular slot (b)

As shown in Fig. 1(a), the variation of the outer radius of the
annular slot b can be taken as the change of slot length of the
proposed FSS. As depicted in Fig. 6, all resonances of the FSS
shift to lower frequency with slot length b increase, which is
also a well-known fact in the FSS theory. However, it is
clearly seen that variation in f, is much less significant
than in f,, which is owing to unchanged inner fan-shaped
electric field concentration at f,. As has been discussed in
the proposed analytical model, we can correspond different
resonant modes to the filtering response at the poles and
zeros. As a consequence, the bandwidth of the reject band
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becomes widen and yet the center frequency shifts to lower
band.

C) Substrate thickness (h)

It follows from [19] that dielectric loading exerts a significant
influence on the filtering response of FSS. We illustrate the
effect of the substrate thickness h on the frequency responses
of the proposed FSS.

As shown in Fig. 7, resonant frequencies at two reflection
zeros f, and f, decrease with parameter h increase.
Moreover, due to the increase of the first reflection pole
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Fig. 9. Comparison of measured and simulated results of the fabricated FSS. (a) S,, characteristics from one-port method, (b) S,, characteristics from two-port
method, where the measurement is preformed after calibration in the near-field region, (c) retrieval effective permeability, and (d) retrieval effective permittivity.
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resonance f, and the decrease of the second reflection pole res-
onance f,, which are depicted in Fig. 7(b), a relatively narrower
stop-band bandwidth is obtained.

V. EXPERIMENTS AND
DISCUSSION

Based on aforementioned discussions in Sections II and III, a
prototype of the proposed FSS working in the X-band was fab-
ricated and measured to validate the ZIM-based FSS design.
As shown in Fig. 8, the measurement system setup consists
of two standard gain horns operating in the X-band, acting
as the transmitting and receiving antennas, respectively. The
Agilent N9918A FieldFox handheld vector network analyzer
is utilized here to measure the S parameters of the FSS meas-
urement system. The size of the FSS is 223.2 x 223.2 mm?,
which is more than the aperture of the standard gain horn
to decrease the effect of antenna’s diffraction on the FSS per-
formance. The fabricated FSS described above is placed in the
middle of the transmitting and receiving antennas. It is worth
noting that the center of FSS should be in direct line with that
of antenna and the polarizations of the transmitting and
receiving antennas are the same.

As shown in Fig. 9, the measured results are compared with
the simulated results. It should be noted that the results shown
in Fig. 9(b) was measured by using two-port method in the near-
field zone. The transmission characteristics of only two horns
system without the FSS were measured for calibration. The mea-
sured frequency responses after calibration agree well with the
simulated ones except for a small frequency shift. In order to
decrease the effect of the received horn on the measured per-
formance, one-port measurement method is also implemented,
i.e. only the transmitting horn and FSS sample are used in the
experiment for S,, measurement, as shown in Fig. 9(a). It is
worth pointing out that most of the integration of FSS in prac-
tical applications is one-port style. Figure 9(c) and 9(d) show the
effective permeability and permittivity retrieved from the mea-
sured S parameters. The measured and simulated results verify
the ZIM-based design concept. However, magnitude fluctua-
tions within and frequency shift of the stop-band are observed
when the two-port method is used to test the FSS, which is
due to the near-field coupling and interaction between two
horn antennas. The slight discrepancies between the measured
and simulated results are mainly caused by the manufacturing
tolerance as well as the instability of dielectric substrate in the
experiment. A measurement of the dimensions of the fabricated
FSS is taken to compare with the designed prototype and explain
the frequency shift of the measurement. Most of the fabricated
dimensions are as accurate as 0.1 mm, while the parameters b
and gap, are varied by decreasing 0.2 and 0.2 mm, respectively.
Judging from Section IILB, the filtering response shifts to higher
frequency with decrease in b, which explains the frequency shift
of the measurement. On the other hand, the variation of gap,
slightly influences the frequency selective performance of the
ESS, which can explain the slight discrepancies of the magni-
tudes between the measured and simulated results.

V. CONCLUSION

A new type of band-reject FSS based on dual-band ZIM is pro-
posed in this paper. A planar single layer of CDSRR element is
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designed to provide near-zero effective permeability and
effective permittivity in two frequency bands, respectively.
Then a new ZIM-based design concept is adopted to make a
thorough analysis of the proposed FSS filtering response.
The ENZ tunneling frequency can be independently adjusted
for specific filtering requirement. The measurement results are
in good agreement with simulation results. The ZIM-based
design technique gives a new insight into the FSS design
and applications.
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