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In this paper, a third-order band-pass frequency selective surface (FSS) filter is proposed for terahertz
applications. The presented FSS filter is designed based on miniaturized unit cells and a fractional band-
width of 72% around 0.775 THz is achieved. In addition, a high transmission magnitude is obtained with
an acceptable flatness in comparison to previous reports. In order to verify the numerical results, an
equivalent circuit model of the proposed spatial filter is introduced considering both normal and oblique
incident angles. The sensitivity of the filter with respect to the incident wave angle is investigated in the
range of 0-60° whereas the obtained performance is acceptable for various incident angles in the men-
tioned range. Moreover, the effects of altering different geometrical parameters are studied and justified
based on the extracted equivalent circuit model.

© 2019 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Terahertz technology is an important topic in telecommunica-
tion engineering. According to recent works, many innovations
are presented to bridge the gap between microwave and infrared
waves, resulting in terahertz devices in the frequency range of
0.1-10 THz [1,2]. These devices are demanded in many applica-
tions including broadband telecommunications [3,4], imaging
[5,6], and explosive and drug detection [5,7]. Currently, many
attempts are made to develop various devices in terahertz regime
such as antennas [8,9], absorbers [10], sensors [11,12], and filters
[13].

Filters are widely used components in any telecommunication
system. Terahertz filters can be divided into different categories
including micro electro-mechanical systems [14], liquid crystal
[15], graphene [16], and metamaterial (MTM) [17] based filters.
MTMs and FSS structures are artificial electromagnetic materials
which are applicable in many applications due to their many fea-
tures including compactness and appropriate resulting perfor-
mance [18-21].

MTM and FSS filters can be categorized into different structures
according to the desired performance, e.g. high-pass [22], band-
stop [23], and band-pass [24]. These filters are further classified
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based on narrow-band [25], multi-band [26], and broadband [27]
performance.

Three important design pre-assumptions are considered in the
design procedure of MTM terahertz structures. First, the effective
homogeneous condition must be satisfied, meaning that the struc-
ture dimensions are considered to be less than 14/4 where / is the
guided wavelength. Considering this criteria, the structure can be
considered as a real material [28]. Second, the structure should
be symmetrical in order to reduce the corresponding sensitivity
to the radiation angle of the incident wave [29,30]. Third, it is nec-
essary to use a special type of FSS structure called miniaturized ele-
ment FSS (MEFSS). This condition provides the ability to extract an
equivalent circuit model of the proposed filter structure. MEFSSs
are multi-layered structures with dimensions much smaller than
/g Considering these conditions, symmetrical multi-layer struc-
tures including non-resonant metal elements of dimensions less
than /4/5 are highly demanded [31].

Many spatial filters have been proposed and designed in the
microwave frequency range considering the previously discussed
assumptions [31-33], as well as filters in terahertz regime
[34,35]. In order to investigate the performance of the structure,
the extraction of the corresponding equivalent circuit model is of
great importance. Ebrahimi et al. introduced a band-pass MEFSS fil-
ter providing 45% fractional bandwidth [36]. Moreover, the pre-
sented filter yields a maximum transmission magnitude of about
0.7 whereas the structure suffers from large dimensions and con-
siderable thickness.
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In this paper, a band-pass MEFSS filter with third-order fre-
quency response in terahertz regime is designed. The filter struc-
ture is innovative providing an acceptable performance for many
applications. The filter provides appropriate transmission ampli-
tude in the in-band region together with suitable filtering perfor-
mance in the out-of-band region. In addition, the radiation angle
sensitivity of the filter structure is low. The filter consists of three
well-designed layers with first order frequency response resulting
in a third-order band-pass filter structure. The equivalent circuit
model is also extracted for the filter structure considering both
normal and oblique incident angles. It is demonstrated that the
extracted equivalent circuit schematic is general for various inci-
dences. However, slight differences between values of lumped ele-
ments are identified for different incidences. The validity of
proposed circuit model is examined whereas the corresponding
results closely match the simulation ones.

The manuscript is organized as follows. The design procedure of
the filter is presented in Section II. In Section III, the corresponding
equivalent circuit of the MEFSS filter is discussed. The simulation
results are investigated in Section IV where the structure is studied
and compared to previous works. Finally, the paper is concluded in
Section V.

2. Design procedure of the proposed filter

The three-dimensional geometry of the third-order MEFSS unit
cell is demonstrated in Fig. 1a. The structure consists of gold layers
with a thickness of t, which are separated by dielectric layers with
a thickness of h,. Additionally, two dielectric layers with a thick-
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ness of h; are located on top and bottom of the corresponding
structure to satisfy the fabrication considerations. The middle layer
is composed of a metallic ring in which a square patch with an
embedded clover-shaped resonator is centrally located (Fig. 1b).
The clover-shaped resonator is composed of four intersecting cir-
cles with radius r, which are subtracted from a square patch. The
middle layer is surrounded by two identical quasi-
complimentary layers (Fig. 1c). It is worth noting that the pre-
sented unit cell is inspired by a comprehensive investigation of
common structures together with utilizing optimization and para-
metric analysis.

As previously mentioned, a symmetrical structure with minia-
turized dimensions is considered in the design procedure. The pre-
sented structure is analyzed using finite element method. The
geometric parameters of the structure are detailed in Table 1.

The design procedure of the MEFSS structure which is expressed
from viewpoint of four developing stages can be observed in Fig. 2.
At the first step, the sole metallic ring with the clover-shaped
square patch is considered. According to the corresponding results
in Fig. 2, a zero transmission at low frequencies is obtained.

To improve the obtained performance, the previous layers and a
quasi-complementary layer are considered at the second step. It is
apparent that the number of reactive elements is increased and
hence, a resonance around 0.8 THz is achieved. Two high and
low cut-off frequencies can be adjusted by tuning reactive ele-
ments of both layers, which is acquired as the geometric parame-
ters are engineered.

At the third step of the design improvement, another quasi-
complementary layer is added to the second step structure result-

Metallic ring

Clover-Shaped
resonator

Fig. 1. (a) Expanded view of the MEFSS structure (b) middle metallic layer (c) quasi-complementary top and bottom layers.
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Table 1
Geometric parameters of the presented filter in Fig. 1.
Parameters Values (pm) Parameters Values (um)
C 7 r 13
G2 7 T 7
hy 3 t 1
hy 15 w 70
X1 34 wy 60
X 60 Wy 34
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Fig. 2. Simulated step by step transmission spectra of the structure in Fig. 1
considering geometric parameters according to Table 1.

ing in an enhanced flat pass-band together with the central fre-
quency of about 0.8 THz. The resulting flatness of the pass-band
transmission spectrum can be justified according to the vicinity
of resonant frequencies of the added layers.

At the final step of design procedure, the third step structure is
sandwiched between two dielectric layers. Although the transmis-
sion bandwidth is slightly decreased, the structure approaches the
practical counterparts [31]. It should be noted that the main role of
these two dielectric layers is to protect gold on surrounding
surfaces.

The structure is illuminated by an x-polarized plane wave radi-
ating along z direction using a proper definition of Floquet port.
The designed MTM filter is periodic toward x and y directions with
periodicity of P. Therefore, periodic boundary condition (PBC) is
considered in simulations. Fig. 3 shows the simulation procedure
details of the MEFSS structure. It is worth noting that all 3D simu-
lations are accomplished with computer simulation technology
(CST) software. Moreover, the embedded frequency domain solver

Floquet port

PBC

PBC

Floquet port

Fig. 3. Simulation details of the proposed unit cell shown in Fig. 1a.

is utilized due its feasibility for oblique incidence simulations in
comparison to time domain solver.

The electric conductivity and surface impedance of lossy gold
are 4.1 x10’S/m and 0.2 +j0.22Q/square, respectively. Poly-
dimethylsiloxane (PDMS) is considered as a dielectric spacer due
to its low dielectric constant (& =2.35) resulting in a low impe-
dance mismatch with free space [31]. Polymeric dielectrics have
minor amounts of losses and hence, can be considered as lossless
materials [37].

3. Equivalent circuit model

An unmodified equivalent circuit corresponding to the MEFSS
filter is shown in Fig. 4a. According to the integrity of the quasi-
complementary layers, capacitors C; can be utilized as the corre-
sponding equivalent circuit elements. As it is shown in Fig. 4a,
the inductor L, represents the metallic ring inductance whereas
the capacitor G, indicates the capacitance between the metallic
ring and the clover-shaped resonator patch of the middle layer.
The clover-shaped resonator is also modelled by parallel elements
L, and Gs. Since the values of L, and C; are much lower than L; and
C,, the corresponding total impedance of L, and Cs is negligible in
comparison to that of L, and G,. Therefore, the effects of L, and C3
can be ignored using a proper short circuit replacement in Fig. 4b.
It is also possible to consider the series resistors to the inductors to
model the attenuation of the metallic layers. As it is illustrated in
Fig. 4a, resistors R; and R, are placed in the equivalent circuit to
calculate the mentioned attenuation.

In order to simplify the equivalent circuit, it is common to
ignore the effect of the metallic layer attenuation. Based on the
telegraphy transmission line model, the dielectric sections in the
structure are modelled as transmission lines with characteristic
impedances of Zr; = Zy//& for i= 1,2 while Z, = 377Q is the free
space impedance and ¢, is the corresponding dielectric constant.
It is noted that the length of the transmission line is proportional
to the height of the dielectric layers in Fig. 4b [31]. According to
the extracted equivalent elements and simplifications, the MEFSS
filter can be modelled as the circuit depicted in Fig. 4c.

Now, a proper method for extracting the initial values of the cir-
cuit elements in Fig. 4c is discussed as follows [27,36]:

Zo  Zr,l Zr,lp

Gl Oy

1

o Zy

Fig. 4. (a) Unmodified equivalent circuit (b) telegraphy line approximated model
(c) final equivalent circuit of the MEFSS filter in Fig. 1a.
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First, the value of Ceq, is calculated from Eq. (1):

q

— _ 1
Ced, 27f orZod @
where q is the normalized value of the quality factors corresponding
to the input and output resonators. Also, r is the normalized value of
the source and load impedances. The parameter 5 = BW/f, is the
fractional bandwidth where BW and f|, are the operational band-
width and the central frequency of the desired filter, respectively
[27].

Heretofore, the value of Ceq; has been determined. Now, the
capacitance Ceq, can be obtained using a tuning procedure consid-
ering an upper limit defined by:

2
@%<:<V@%) )

ok 2

where k;; represents the normalized coupling coefficient between i
and j substrate layers. Capacitor Cr, can be determined using the
equivalent circuit of transmission line model of dielectric sections
as follows:

go&rh
Cr, =5 3)

where & and ¢, are the permittivity of free space and dielectric lay-
ers, respectively.

The value of L; can be calculated from the following equation:

1
L= 5 (4)
(znfo) (Ceql - k2,35\/ Ceql Ceqz)

The corresponding values of k, g, and r are detailed in Table 2
[36]. Finally, the coupling inductance of the successive stages can
be obtained as follows:

Lr, = Hotths, i=1,2 (5)

where p, and u, are the permeability of free space and dielectric
layers, respectively.

So far, the initial values of equivalent circuit elements are spec-
ified using Eqgs. (1)-(5). To obtain the final values of equivalent cir-
cuit elements, the equivalent circuit model is implemented in
advance design system (ADS) software and an effective optimiza-
tion algorithm with a proper goal function is utilized. The corre-
sponding final values are obtained using a genetic optimization
algorithm, an appropriate choice of target function, and considera-
tion of simulation response limitations. The extracted schematic of
equivalent circuit in Fig. 4 is consistent for both normal and obli-
que incident angles. Table 3 describes the corresponding optimized
values of the equivalent circuit elements in Fig. 4c considering nor-
mal incidence.

4. Results and discussion

The reflection and transmission coefficients together with
reflectance and transmittance (|S11|? and |S»;|?) of the MEFSS filter
are shown in Fig. 5. The filter offers a relative bandwidth of 72%
(0.5-1.05 THz) with an almost flat transmission performance.

Table 3

Equivalent circuit parameters in Fig. 4c considering normal incidence.
Parameters Values (fF) Parameters Values (pH)
Cr 2 Lt 2
Ceqt 13.1 L 1.9
Ceq2 1.6 L 1.5

Moreover, the maximum value of reflection coefficient (|S1¢|) is less
than 0.3 in 0.5-1.05 THz. Additionally, the benefit of good out-of-
band rejection (less than 0.1) is achieved whereas the correspond-
ing reflection coefficient reaches the maximum. It is noted that the
proposed filter is applicable for spectroscopy and imaging applica-
tions. Also, the corresponding group delay is in order of picosec-
onds demonstrating a good performance for spatial filters in
terahertz regime [38].

The validity of the equivalent circuit model is examined where
corresponding results are compared with simulation results. The
equivalent circuit results are in close accordance with full-wave
simulations, revealing that different sections of the designed struc-
ture are appropriately modelled using circuit elements (Fig. 6). The
values of equivalent circuit model elements are altered considering
different incident angles. After using the mentioned procedure in
Section 3, the related values are obtained considering oblique inci-
dent angle of 60° (Table 4). Moreover, the accuracy of these
obtained values is investigated whereas corresponding results are
compared with simulations (Fig. 7).

It is expected to achieve an almost insensitive structure to the
angle (¢) of incident wave due to the approximately symmetric
design of the designed unit cell. Therefore, the MEFSS unit cell is
illuminated by incident waves with different values of ¢ in range
of 0-60°, Fig. 8. It can be observed that the frequency peaks of
the transmission spectra is almost unchanged, while the corre-
sponding flatness is partially deteriorated for different values of
¢. In the worst case of ¢ =60°, the minimum value of the pass-
band transmission coefficient reaches to 0.7 which is acceptable
in many applications.

The geometric parameters are of great importance in the pro-
posed MEFSS. Sweeping these parameters can provide a great
insight into the general behaviour of the structure. The geometric
parameters h, and x, are altered and corresponding full-wave
results are demonstrated in Figs. 9 and 10. The corresponding
results in the case of h, variations are depicted in Fig. 9. The band-
width of the filter is proportional to the resonant frequency as [39]:

_fe
BW = (6)

where f. and q are resonant frequency and the quality factor of the
structure, respectively. Moreover, the resonant frequency is inver-
sely proportional to the capacitance as follows [39]:

1
2nvIC

where L and C are corresponding inductance and capacitance val-
ues, respectively.

fe= )

Table 2

Quality factor, coupling coefficients, and normalized impedance for different types of third-order filters [36].
Filter Type q ki ka3 r
Butterworth 1.000 0.7071 0.7071 1
Chebyshev (0.01 dB) 1.1811 0.6818 0.6818 1
Chebyshev (0.1 dB) 1.4328 0.6618 0.6618 1
Chebyshev (0.5 dB) 1.8636 0.6474 0.6474 1
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Fig. 5. Simulated results of the MEFSS structure considering the geometric
parameters in Table 1(a) reflection and transmission coefficients (b) reflectance
and transmittance.
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Fig. 6. Reflection and transmission spectra of full-wave simulations and equivalent
circuit model of the MEFSS considering the geometric parameters in Table 1 and
normal incidence.

Table 4
Equivalent Circuit Parameters in Fig. 4c considering 60° incident angle.

Parameters Values (fF) Parameters Values (pH)
Cn 18 L 0.6
Ceql 1 LTZ 0.7
Cqu 35 L] 1.1

The capacitance of the dielectric layer is proportional to the cor-
responding thickness using Cr = ¢h/2, in which h and ¢ are the
thickness and the permittivity of the dielectric layer, respectively
[27]. Increasing dielectric thickness will increase Cr and hence,
the resulting pass-band is decreased according to Egs. (6) and
(7). This procedure can also be observed in Fig. 9. Fig. 10 demon-
strates the corresponding results of the case in which x; is altered.
The value of Ceq, is decreased as x, is increased. Therefore,
increased bandwidth is achieved according to Egs. (6) and (7) fol-
lowing demonstrated results in Fig. 10.
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Fig. 7. Transmission spectra of full-wave simulations and equivalent circuit model
of the MEFSS considering the geometric parameters in Table 1 and 60° incident
angle.
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angles considering the geometric parameters in Table 1.
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Fig. 11. Surface current distributions for different layers at various frequencies; metallic ring and clover-shaped resonator at (a) 0.2 THz, (b) 0.8 THz, (c) 1.6 THz, and quasi-

complementary patch at (d) 0.2 THz, (e) 0.8 THz, (f) 1.6 THz.

Table 5
Comparison of the proposed structure and previous works.

Ref. Bandwidth (Central Freq. THz) Dimensions (um x pm x pm) Insertion Loss (].|) Pass-Band Refl. (|.|)
[31] 45% (0.42) 130 x 130 x 123 0.2 Under 0.4

[32] 44% (1.05) 210 x 210 x 130 0.1 -

[17] 22% (0.25) 90 x 90 x 230 0.15 Under 0.6

[40] 40% (1.25) 95 x 95 x 43 0.3 -

[41] 22% (0.95) 300 x 300 x 120 0.05 Under 0.3

Prop. Str. 72% (0.775) 70 x 70 x 39 0.05 Under 0.3

The surface current distributions created on metallic layers are
demonstrated in Fig. 11. Three different frequencies in lower stop-
band (0.2 THz), pass-band (0.8 THz), and higher stop-band (1.6
THz) are considered for more investigations. As shown in Fig. 11a
and d, the major influential factor at 0.2 THz is the inductance of
the metallic ring, L;. According to Fig. 4c, a zero transmission is cre-
ated by parallel L; at lower frequencies.

According to Fig. 11b and e, the inductance of the metallic ring,
L4, and the capacitance of the quasi-complementary patch, C;, are
mostly affecting the overall performance at 0.8 THz. Therefore,
the resulting band-pass response can be justified a transmission
resonance produced by a proper combination of parallel L; and
C, circuit elements.

The surface current distributions in Fig. 11c and f reveal that the
capacitance between metallic ring and quasi-complementary
patch, G,, plays a significant role at 1.6 THz. According to Fig. 4c,
parallel G, results in a zero transmission at higher frequencies
and hence, the corresponding higher stop-band is achieved.

A comparison of the presented structure and previous works is
listed in Table 5. Obviously, the designed MEFSS is more compact
and offers a broadband bandwidth. Also, it provides a proper out-
of-band rejection and pass-band reflection.

5. Conclusion

In this work, a band-pass filter with small dimensions, wide
pass-band, and high order of efficiency is proposed. The filter pro-

vides a fractional bandwidth of 72% around the central frequency
of 0.775 THz whereas a high transmission magnitude and accept-
able flatness in pass-band region are obtained. It is demonstrated
that a low sensitivity to the illuminating wave angle is obtained
while a great out-of-band performance is achieved. Moreover, an
equivalent circuit model of the proposed filter is derived consider-
ing both normal and oblique incident angles. The validity of the
extracted equivalent circuit model is demonstrated for different
incident angles. The corresponding results confirm those of full-
wave simulations. Also, the effects of altering geometrical parame-
ters are investigated and justified based on the equivalent circuit
model.
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