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An angle-independent broadband terahertz bandstop filter based on compact

cross-shaped array
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(School of Electronic and Information Engineering, Beijing Jiaotong University, Beijing 100044, China)

Abstract: In this paper, a design of compact array which can excite anti-symmetric mode on special frequency se-
lective surfaces is introduced. Based on compact cross-shaped array, we proposed an angle independent broad-
band terahertz (THz) bandstop filter with compact cross-shaped array. The compact cross-shaped array is com-
posed of two layers of cross-shaped metal array, in which the center of every cross-shaped unit cell in second lay-
er is arranged at the center of four cross-shaped unit cells in the first layer. Numerical results demonstrate that the
compact array can efficiently increase the received area of the filter and excite an additional resonant mode. Com-
pared with traditional repetitive structure, the proposed filter based on compact array has great promotion in band-
width, sharpness and stopband depth. The filter has a notable filter capability with 10 dB bandwidth of 0. 75 THz
at the central frequency of 1.2 THz and incident angle insensitive range from 0°to 60°. Furthermore, the pro-
posed compact array is flexible and can be extended for different unit cells, such as Jerusalem cross, I-shaped, 1I -
shaped structures, etc.

Key words: terahertz filter, frequency selective surface, compact array, angle independent, anti-symmetric
mode
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Introduction

Owing to terahertz (THz) wave’ s unique electro-
magnetic features, THz frequency range has attracted
enormous interest in the past decades which lead to ex-

tensive studies in various areas, such as high-speed com-

munication'” , security” , biomedical imaging'“* and
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nondestructive testing”’. THz wave filters are indispens-
able functional device in terahertz sensing, communica-
tion, and imaging systemig:. Due to most of natural mate-
rials almost having no electromagnetic (EM) response for
THz waves, it is a challenge for developing THz filter
with high performance. With the coming of metamateri-
als (MMs) , which have strong EM response to THz
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waves ™" | it offers the possibility for designing novel

THz filter. The frequency selective surfaces (FSSs)
based on MMs possess considerable potential in THz fil-
ter design. Through exciting resonance between the free
electrons in the metal and the optical photons from the in-
cident EM waves, an extraordinary transmission spec-
trum can be realized by FSS''". The filter based on FSS
is constructed from metallic particles or grids which ex-
hibit certain filter characteristics and its optical charac-
teristics are determined by its dimensions''", geometric
structure'*'> | metal thickness'® and materials''”. By
means of appropriate optimizing these parameters of de-
signed filter, the transmission spectrum of THz filter can
be tailored ",

The FSS with the structure of cross-shaped metal ar-
ray reveals good performance in polarization-insensitivity
due to its rotational symmetry. However, compared with
MMs like split-ring resonators (SRRs) or other ring-like
resonators, cross-shaped FSS cannot excite multiple reso-
nance when it is used to construct multi-layer THz filter.
Additionally, the bandwidth of filter based on FSS is lim-
ited because of its strong EM resonance. Hence, in order
to overcome these problems, various designs have been
proposed like complementary cross-shaped resonator '
and composite metamaterial """, Besides, in the previ-
ous studies, the design of different metal array distribut-
ed in different layer were often adopted to obtain wider
bandwidth. For instance, in 2011, by using improved
structure of cross-shaped structure, Chiang et al. pre-
sented a THz band-pass filter which can excite multiple
resonances to acquire 500 GHz bandwidth passbhand (the
full width at half maximum of the transmitted power) "'*.
However, its transmission coefficient in all band is less
than 0. 7. In 2015, by using two layers of different metal-
lic arrays, a second-order cross-shaped THz filter based
on FSS was formed "*. It possessed a 200 GHz band-
width with outstanding gain. In 2017, Meng Gao et al.
reported a hybrid miniaturized-element FSS by scraping
three layers of different metallic arrays to obtain better fil-
tering performance . But the current methods to obtain
multiple resonances and wider bandwidth need the more
complicated structure. In this paper, by simply adjusting
the position of second metallic layer, we proposed a nov-
el filter that can excite multiple resonances. The 10 dB
bandwidth can be extended to 750 GHz. At the mean-
time, in contrast to the previous filters, the structure of
proposed filter is also greatly simplified.

In another way, owing to the complexity of real ap-
plication environment, THz filter is also required to
maintain its transmission spectrum for a complex inci-
dence condition. In recent years, several angle-insensi-
tive THz filters have been proposed ™. Generally,
thanks to the rotational symmetry, concentric ring resona-
tors and cross-shaped FSSs have innate advantage in real-
izing polarization-independent and wide-angle THz fil-
ter. For example, in 2011, on the basis of two concen-
tric ring resonators with interdigitated fingers placed be-
tween the rings, Ibraheem Al-Naib et al. demonstrated a
polarization and angle independent THz MM with high

quality-factors ™. However, the application of designed

MM is limited due to its performance in the bandwidth
and insertion loss. Besides, by using triple-ring struc-
ture, Limei Qi et al. obtained a multiband THz filter
with polarization-independence and insensitivity to inci-
dence angles'™. But the proposed filter is restricted by
bandpass flatness. In 2017, by patterning cross-shaped
Zeonor FSS on thin low-loss polymer substrates, A. Fer-
raro et al. reported similar results *"'. But it also appears
narrow bandwidth and low gain. Therefore, the perfor-
mance of THz filters with polarization-independence and
insensitivity to incident angles need further improved.

In this paper, by using compact array, we proposed
a broadband cross-shaped THz filter with second-order
response and insensitivity to incident angle. The filter is
composed of two layers of staggered metallic array. And
compared with traditional repetitive structure, the sec-
ond layer complements the vacant space of first layer
when viewed from the top view, which means that the
second layer has more possibility to receive perpendicu-
lar incident THz waves. Furthermore, this design can ex-
cite two resonant modes while the same structure with tra-
ditional repetitive design can only excite one resonant
mode. Based on this design, the 10 dB bandwidth of de-
signed filter can also be greatly expanded from 510 GHz
to 750 GHz and its stopband depth is also deepened
about 20 dB. Besides, by analyzing the surface currents
density of the filter, we manifested the mechanism of how
the compact array enhance the filtering performance of
designed filter. Numerical results demonstrate that the
designed filter with compact array can efficiently multiply
the receiving area of incident THz wave and an extra reso-
nant mode can be excited by introducing structural asym-
metry. Besides, the proposed THz filter is insensitive to
angle and also independent on polarization owing to rota-
tional symmetry of cross-shaped resonator. In addition,
the numerical results also indicate that this compact ar-
ray scheme can be used in other structure to improve the
performance of the filter, such as bandwidth, stopband
depth, and rising and trailing edges.

1 Structure of designed filter

The designed THz filter is basically based on cross-
shaped resonator with compact array, as shown in Fig. 1
(a). Looking down from top to the bottom, the second
layer of designed filter make up the vacant space of the
first layer. Compared with traditional repetitive struc-
ture™"*"" | two-layer metal arrays based on compact
structure will be much more efficient when receiving THz
waves. Figure 1(h) shows the unit cell of designed THz
filter based on compact structure. All of the metal parts
are embedded in a polyimide substrate. The metallic lay-
eris a 0. 6 wm thick Au film whose frequency indepen-
dent conductivity is s=4.09%10" S/m. The width w of
cross-shaped resonators is set as 16 pm. From top to the
bottom, the thickness of the polyimide substrate are h, =
10 pm, h, =26 pm, h, =10 pwm, respectively. The peri-
od of this structure is P, = P, = 76 pm while the length of
the crossarm is K = 72 pum. From the previous report™’,
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the peak wavelength of transmission spectrum is deter-
mined by the length of the crossarm. In addition, strong
coupling can be obtained when the cross-shaped metal
parts are close to each other. Thus, the period of de-
signed filter was set very close to the length of crossarm,
which leads to a better performance in its bandwidth.
Figure 1(c) shows the unit cell of a traditional repetitive
band-stop THz filter with same parameters.

@ ®) ©
Fig. 1 Structure of the proposed filter (a) Top view of designed
filter based on compact array, (b) the unit cell of the designed

filter based on compact array, and (c)the unit cell of a traditional
band-stop THz filter with same parameters
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2 Results and discussions

Finite-difference time-domain method was used to
simulate the properties of the design filters; periodic
boundary conditions were set in the x and y directions,
and open space boundary conditions were used in the z-
direction. The EM waves with the electric field parallel
to the x-axis was perpendicularly incident on the de-
signed filter.

Figure 2 shows the transmission spectrum of de-
signed filter based on compact array and traditional repet-
itive array. It can be seen from Fig. 2 that the filter with
compact array excites two resonant points at f, = 0.97
THz, and f, = 1. 39 THz while the traditional design only
excites one resonance point at f; = 1. 075 THz. The 10
dB bandwidth of filter is 750 GHz, which is 220 GHz
wider than that of traditional structure. Moreover, the fil-
ter with compact array has better performance in slope of
rising and trailing edges than the traditional one; the
slope of rising edge increases from 77 dB/THz to 258 dB/
THz and that of trailing edge arises from 61 dB/THz to
180 dB/THz. Besides, the stopband depth (max value)
of the proposed filter is further deepened from 28 dB of
traditional structure to 48 dB.

In order to clearly interpret the physics mechanism
of high performance, the surface current density of the
proposed filter and traditional structure at their resonant
points is shown in Fig. 3. It can be found from Fig. 3 that
the second metal layer of the proposed filter has stronger
current than that of traditional design while the surface
current on the first layer of these two filters are basically
at same level (not shown here). This also means that a
much stronger resonance occurs on the second layer of
designed filter with compact array. According to the pre-
vious 1rep01r‘[L27J , THz filter based on FSS will induce sur-
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Fig. 2 Transmission coefficient of two designed filters (a)trans-
mission spectrum of filter with compact array, and (b) transmis-
sion spectrum of filter with traditional repetitive design

B2 RN IE DA 015 5 R (a) 5 T R G 51 9 98D 4% Y i
ST, (o) T8 T S A5 I U & 35 5T i

face current when receiving THz waves and it will trans-
form the energy of EM waves into the ohmic loss of elec-
trons, thus the THz waves can be filtered out. The more
energy to be transformed into the ohmic loss of electrons,
the stronger surface currents will be. On this basis, the
phenomenon can be explained that the filter with com-
pact array has better performance in stopband depth.

In traditional repetitive structure, the second layer
was always covered by the first one in the space. In most
instances, the second layer of designed filter can only re-
ceive a small part of THz waves. Through using compact
array, the metal arrays distributed more compactly, and
every metal layer has more possibility to receive THz
waves. This can be proved by the simulation result in
Fig. 3. Owing to a better capacity of receiving EM
waves, the coupling resonance is distinctly enhanced,
causing a deeper attenuation. Meanwhile, the enhanced
resonance significantly increases the loss of the micro-
structures at its resonant frequencies, manifesting itself
as greater effective electrical resistance within the stop-
band. From the equivalent electric circuit model for
MMP"  the bandwidth of the metamaterial-based filter
can be determined as R, /L, where R is the effective
electrical resistance and L represents the inductance.
Hence, the enhanced resonance means that R is in-
creased and thus a broader stopband can be obtained.

Moreover, as shown in Fig. 2, the proposed filter
has two resonant points at f, and f, while the filter with
traditional design only excites one resonant mode. With
the excitation of an additional resonant point, its band-
width and the edges are optimized. To figure out how this
new resonant mode appears, we simulate its respective



NING Yu-Peng et al: An angle-independent broadband terahertz bandstop filter based on compact cross-

6 1] shaped array 719

L A/m(log) |

=L B ONCOOLION
HONBLAN—RNCO
UL NOIONCo—
NI A NO0

Fig. 3 Surface current density on second metal layer of designed
filter (a) currents of compact filter at £, and (b) currents of tra-
ditional filter at f;
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resonant modes and coupled behaviors at two resonant
frequencies. As can be found from Fig. 4, at first reso-
nant frequency f, , the induced currents of upper and bot-
tom metallic layers propagate along the opposite direction
since they are excited by symmetric mode, which is also
the same as the mode excited in traditional design at f, in
Fig. 2. While at second resonant frequency f., the in-
duced currents of upper and bottom metallic layers propa-
gate along the identical direction and mainly distributed
at the edges of the crossarm. This mode belongs to a kind
of anti-symmetric mode. In previous studies, several fil-
ters with a broken structural symmetry, allowing weak
coupling to free space, can excite a novel mode and this
mode is called as anti-symmetric mode ***". Additional-
ly, as an EM mode that is weakly coupled to free space,
it allows to induce high-quality resonances in very thin
structure. In this paper, the compact array can be con-
sidered introducing structural asymmetry along the inci-
dent direction. This structural asymmetry can excite an
extra high-quality resonant mode at f.. The resonance be-
havior of currents is also consistent with that reported in
Ref. 29. The additional mode at f,and anti-symmetric
mode seem to be homologous from source to behaviors.

As shown in Fig. 4, the resonant modes excited by
their induced currents at f, and f, coincide with anti-sym-
metric and symmetric modes. Compared with traditional
design, the proposed filter with compact array can excite
an additional resonant mode which caused a better perfor-
mance in bandwidth and the slope of cutting edges. Nor-
mally, a multi-layer filter based on SRR or ring structure
can excite multiple resonant modes because of the cou-
pling between different layers of metallic arrays. Based
on this strategy, the performance of filter can be opti-
mized by increasing the number of layers in many cas-
es”. However, this characteristic does not appear on
the filter based on cross-sharped FSS. Hence, in many
cases, complicated structure like complementary cross-
shaped resonator and composite metamaterial are widely
used in THz filter to achieve multiple resonant
modes' ™" Here, we use a simple method of com-
pact array achieving multiple resonances.

Due to the rotational symmetry, the designed filter
is polarization independent. Another marvelous behavior
can be illustrated in Fig. 5, in which the transmission co-
efficient as a function of the frequency and the incidence

Fig. 4 The resonant modes of designed filter based on compact
array (a) resonant mode at f,,, and (b) resonant mode at £,
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angle is shown. It can be observed from Fig. 5 that the
resonant frequency and the bandwidth have slight change
for the incident angle varied from 0°to 60°. For every 15°
increment in the incident angle, the first resonant point
/., shifts towards the low frequency by the amount move-
ment of 3 GHz, 14 GHz, 16 GHz, and 17 GHz, respec-
tively; and the second one f, shifts towards the high fre-
quency by the amount movement of 3 GHz, 13 GHz, 12
GHz, and 17 GHz, respectively. As a result, the 10 dB
bandwidth can be widened from 0. 750 THz to to 0. 798
THz. Meanwhile, their sidelobe suppression are nearly
constant in the angle range of 0° to 60°. This excellent
performance mainly attributes to its proper structural de-
sign. Generally, the multilayer THz filters based on ring-
like resonator require the accurate alignment between lay-
ers since their transmission spectrum mainly depends on
the coupling behavior of different metal layers. If the in-
cident angle changes, there is an equivalent change for
the alignment of layers, causing the performance of the
filter degradation. However, the multilayer cross-shaped
filter mainly depends on the resonant behavior of individ-
ual metal layer rather than coupling between layers.
Moreover, as a result of staggered arrangement of metal
patches, the second layer of designed filter occupied the
vacant space of the first metal layer, causing better re-
ception of EM waves. Thus, the filter is not particularly
sensitive to incident angle. In addition, the transmission
spectrum of the filter under different incident conditions
is also affected by its structural parameters of metal reso-
nator and substrate. Among them, the most influential
factor are length, width of cross arm and vertical distance
between two-layer metal resonators. Therefore, by choos-
ing suitable parameters, the best performance of the fil-
ter insensitive to the incident angle can be achieved.

The scheme of compact array is also suitable to con-
struct new high-performance filter with other commonly
used resonator as a unit cell. Figure 6 shows several com-
monly used resonator cells, including Jerusalem cross
resonator, I-shaped and Il-shaped resonator. They are
arranged as compact array and traditional repetitive struc-
ture with double metal layers and the same substrate
structure parameters in Fig. 1 except different shape and
size of metal unit cell. In order to clearly compare the
performance of these filters, we summarize the main per-
formance parameters of these filters in Table 1, in which
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Fig. 5 The transmission spectrum for a wide-angle incidence
from 0° to 60°
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CF represents double-layer filter structure based on com-
pact array while TF stands for double-layer filter with tra-
ditional repetitive structure. Except for the structure 11,
other filters can excite an additional resonant point, caus-
ing a further improvement in bandwidth, slope of edges
and stopband depth. More specifically, their bandwidth
has been extended over 60 GHz, the stopband depth has
been increased by about 10 dB, and the slope of the edge
has increased by more than 50%. Although no extra reso-
nant points are excited, compared with conventional de-
sign, the 10 dB bandwidth of structure II with compact
design is widened by 270 GHz, and the sharpness of its
edges can be also optimized. As shown in Tablel, the
TF filter based on structure II excites two resonant
points. It is because structure 1l can be considered as a
ring-like resonator and multilayer THz filter based on
ring-like resonator can excite multiple resonances owing
to its coupling behavior between layers. These numerical
results indicate that the proposed filter with compact ar-
ray can optimize filter performance by both exciting addi-
tional resonant mode and increasing the ability to receive
EM waves. However, it is worth to mention that ring-like
resonators or SRRs, exciting multiple resonant modes in
multilayer design, cannot excite additional anti-symmet-
ric mode by using compact arrays. It seems that compact
arrays are only suitable for those structures that only ex-
cite a single dipole resonance in traditional repetitive de-
sign. The reason may be that these structures in multilay-
er design induce similar mode already. This also ex-
plains why no additional resonant mode is excited in
structure Il since its can be seen as a ring-like structure.
Despite the limitations of compact array design, consider-
ing its mechanism to improve performance, it deserves to
extend to the design of other THz device.

3 Conclusion

A THz filter based on compact array with the charac-
teristics of broadband, polarization-independence, and
angle insensitivity was proposed. The surface current
density of designed filter is investigated to interpret the
physics mechanism of the proposed with compact array.
It is proven that a close arrays for cross-sharped metal
layer in 2D level has more possibility to receive the THz
waves, leading to a better performance in stopband

Ik‘ ' l
(a) (®) (©
Fig. 6  Unit cell of several commonly used resonators (a) struc-
ture I, (b) structure IT, and (c) structure I1I. Note: in Fig. 6, 4, =
A, =A, =80 pm, L, =75 pm, L, = 60 wm, L, = 55 wm, K, = 40
pm, K, =65 pm, K, =50 pm, W, =W, =W, =12 pm
e JURPHE BRI AITEH ()25 T, () Z5H T, (o) &5

FTIL K6+, A, =A,=A, =80 pm, L, = 75um, L, = 60 wm, L, = 55
pm, K, =40 pm, K, =65 pm, Ky =50 pm, W, =W,=W, =12 pm

Table 1 Comparison of structures with compact arrays
and traditional repetitive arrays
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Structure |

Structure Il Structure [l

Performance
TF CF TF CF TF CF
10 dB Band-
220 282 520 790 410 480
width/GHz
Stopband Depth
B -33.0 -42.7 -54.8 -38.0 -40.6 -52.0
«

Slope of rising/
252/ 467/ 313/ 318/ 247/ 418/

175 320 183 328 107 156

trailing edges
(dB/THz)

resonant Point 1 2 2 2 1 2

depth. Moreover, in contrast to traditional design, owing
to the asymmetry of the design structure, an additional
resonant mode can be excited, causing a further improve-
ment in bandwidth and the sharpness of cutting edges.
The proposed cross-shaped filter with compact array has
750 GHz 10 dB bandwidth and sharp edges with slopes of
180 dB/THz and 258 dB/THz, respectively. Moreover,
through parameter optimization, the transmission spec-
trum can keep nearly constant with a wider angle inci-
dence range from 0° to 60°. In addition, the scheme of
the filter with compact array can be expanded to the filter
with different unit cells like Jerusalem cross, I-shaped,
Il -shaped structures. With distinct advantage of angle
independence, wider bandwidth, sharper edges and
wide structure expansion, the proposed THz wave band-
stop filter is suitable for the low-cost, complex applica-
tion environment, integrated THz communication sys-
tems.
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