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Abstract—Compact and low-loss waveguide devices are highly
desired in the development of THz-wave circuits. Nonradiative
dielectric (NRD) waveguides having simple structures and very low
loss are promising platforms for THz-wave circuits, and previously
some basic devices have been reported. As the NRD guide has a
non-radiative nature, the NRD grating bandpass filters that have
been reported for millimeter-wave circuits are more suitable to de-
sign in THz-wave range. In this paper, we present THz NRD grating
bandpass filters and develop an efficient optimal design method to
realize these devices based on genetic algorithm (GA) and effective
index method (EIM). The optimized device achieved the desired
flat top transmission band within the aimed frequency range with
only 0.46 dB of avg. IL in the passband, where the reflection in
the passband is better than −20 dB. The results obtained with
EIM are also verified by three-dimensional finite element method
(3D-FEM). The fabrication tolerance of the proposed devices has
also been discussed in detail.

Index Terms—Nonradiative dielectric waveguide, grating
bandpass filter, genetic algorithm, effective index method, full-
vectorial finite element method, three-dimensional finite element
method.

I. INTRODUCTION

THE usage of THz technology [1] is actively being explored
due to its potential applications in numerous scientific and

technological fields, such as biotechnology [2], [3], telecom-
munication [4], [5], spectroscopy [6] and imaging [7], [8], [9].
However, wave guiding in the THz region still remains challeng-
ing and the conventional waveguides used in other frequency
bands exhibit significant transmission loss over a long distance
in this frequency spectrum. To meet the demand for suitable THz
waveguides, several waveguides have been proposed over the
past few years, including metallic waveguides [10], [11], parallel
plate dielectric waveguides (PPDW) [12], [13] and non-radiative
dielectric waveguides (NRD) [14], [15]. As the THz-wave circuit
development needs the use of compact and low-loss waveguide
devices, NRD guides are drawing significant attention for THz-
wave integrated circuits due to their simple structures and very
low loss over a long distance in the THz region. NRD guide with
non-radiative nature has a structure consists of a dielectric strip
placed between two parallel metal plates with spacing less than
λ/2 and supports LSM and LSE modes as shown in Fig. 1.
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Fig. 1. (a) 3D model of the NRD guide, (b) NRD propagation modes.

In the development of THz-wave integrated circuits, band-
pass filters serve as crucial components and several kinds of
bandpass filters based on different device types, including metal
waveguide, plasmonic waveguide, photonic crystals, frequency
selective surfaces (FSS), metamaterials, and metasurfaces, have
been presented so far [16], [17], [18], [19], [20], [21], [22],
[23], [24] for various THz circuit applications. NRD grating
bandpass filters have been proposed for millimeter-wave in-
tegrated circuits by T. Yoneyama [25]. After that, many re-
searchers have discussed these grating filters over the last few
decades [26], [27], [28], [29], but all of these filters have
been designed in millimeter-wave range where the conductor
loss of the waveguide can be negligible. In THz range where
conductor loss is not negligible, the design of these filters and
the design methodology to realize these filters have not been
well-discussed yet. Moreover, as NRD guide confines almost all
the power inside the dielectric strip, the NRD grating bandpass
filters appear to be more appropriate to design in THz-wave
range. Therefore, the design of THz NRD grating bandpass
filters and an efficient optimal design method to realize these
grating devices are crucial considering the conductor loss of the
waveguide.

In this paper, we propose NRD grating bandpass filters for
THz-band circuit applications and an efficient optimal design
method based on genetic algorithm (GA) and effective index
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Fig. 2. Design model of NRD grating bandpass filter.

method (EIM) to design these filters. GA is used as an optimiza-
tion method to find the optimal solution globally, and EIM is em-
ployed to calculate the conductor loss of the proposed THz-band
filters. Here, for the propagation analysis of the grating filters we
employ recently developed two-dimensional full-vectorial finite
element method (2D-FVFEM) for NRD guide devices [30]. In
this research, initially we design several THz bandpass filters,
single pass-band bandpass filter, frequency-tunable bandpass
filter, and bandwidth-tunable bandpass filter by using GA where
conductor plates are considered as perfect electric conductor
(PEC). As the conductor loss of the waveguide is not negligible,
we show the practial application of these designed filters by
estimating the conductor loss using EIM combined with 2D-
FVFEM in the optimization process. In this case, the conductor
plates are considered to be silver (Ag), and single pass-band
bandpass filter is considered to be optimized again with GA
and EIM. Here, all the device lengths are nearly identical and
obtained almost ideal transmission property by 2D-FVFEM,
thus the conductor loss will be the same for the other design
examples as well. Then, the obtained transmission property from
the EIM and 2D-FVFEM is confirmed by 3D-FEM. Finally,
we show the fabrication tolerance of these devices in terms
of parameters deviation effect on the bandwidth and central
frequency of the designed filters.

II. OPTIMAL DESIGN METHOD OF NRD GRATING

BANDPASS FILTERS

In this research, we consider a design model of THz NRD
grating bandpass filter as shown in Fig. 2. Here, the spacing
between metal plates and width of the dielectric strip are consid-
ered to be, a = b = 135 μm. Polyethylene is considered as the
dielectric material whose relative permittivity is εb = 2.3 and
εa = 1 is considered as the air permittibity. Polyethylene has
been widely used in THz systems because of the advantages of
low absorption loss, low refractive index and high rigidity [31].
Furthermore, NRD guide with polyethylene as dielectric mate-
rial has a very low transmission loss at THz frequencies [32].
Here, LSM01 mode is used in NRD as the guided mode and
operating region for the proposed NRD filters is considered from
0.9 THz to 1.1 THz. Fig. 3 shows the dispersion relation around
1 THz for a = b = 135 μm and εb = 2.3, where maximum
single mode operation band for LSM01 mode is obtained at

Fig. 3. Dispersion relation fora = b = 135 μm and εb = 2.3 (polyethylene).

Fig. 4. Flowchart of optimal design process of NRD grating bandpass filters
using GA and EIM.

the targeted operating region and at the higher frequency side
outside the operating region, transmission may deteriorate due
to the appearance of the higher-order modes. The flowchart of
the optimization process is illustrated in Fig. 4. Initially, the
design variables, objective function that is the target property,
maximum iteration and population size for the GA are to be set.
Here, the length of the dielectric block and air gap are consid-
ered as the design variables, and in the optimization process,
maximum 100 of iterations are evaluated and population size is
defined Np = 48. Then, optimization of the design variables is
carried out using GA, and during the process the propagation
in the NRD devices is efficiently analyzed by the 2D-FVFEM
or EIM+2D-FVFEM (in case of conductor loss consideration)
and evaluating the objective function. The process is continued
untill the simulated transmission property is equal to the target
transmission property or the number of iterations reach to the
maximum iteration. Finally, after the optimization process, an
optimized NRD grating filter with desired characteristics in the
THz region can be obtained.

A. Optimization With GA

In this study, the design variables are efficiently optimized
by utilizing GA. GA is the method for solving optimization
problems based on natural selection [33], the process that drives
biological evolution. It is a versatile design approach and is
widely used in various design problems. In GA, the initial
individuals are randomly generated, and genetic operations such
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as selection, crossover, and mutation are repeated until the de-
sired characteristics are obtained. The selection methods include
ranking selection where individuals with high fitness are selected
to succeed their genetic information to the next generation and
those with low fitness are eliminated, and elite selection that is
leaving highly adapted individuals to the next generation as they
are. In this study, ranking selection and elite selection are used
together to keep the diversity of the solution search. Then, the
new children, xn+1

c , in the next generation are generated by the
crossover of the two selected parents, xnp1 and xnp2, according to
the following equation.

xn+1
c,i = wxnp1,i + (1− w)xnp2,i (1)

where w is the weight coefficient and is given as the random
number (w ∈ [0, 1]), and i is the i-th component of the ge-
netic information vector. Here, the mutation is the process of
randomly mutating the genetic information of individuals by a
given probability to ensure diversity of the solution and to avoid
falling into a local solution. In this study, the mutation rate is set
to 3%.

B. Propagation Analysis by 2D-FVFEM

A propagation field in the given devices is simulated by 2D-
FVFEM during the optimization process. Considering the three-
dimensional structure of the NRD grating filters as illustrated
in Fig. 2 is uniform along the z-direction and the direction of
light propagation is in the xy-plane. Then, the functional of
propagating behavior for the NRD devices can be expressed as
follows:

F =

∫∫∫ [
(∇×Ψ∗) ·

(
1

εr
∇×Ψ

)
− k20Ψ

∗ ·Ψ
]
dV

−
∫∫ {

Ψ∗ ·
(
in × 1

εr
∇×Ψ

)}
dS (2)

wherek0 is a free-space wavenumber, εr is a relative permittivity
distribution and Ψ = H . Here, each component of H can be
expressed as follows:

Hx = ψx(x, y) cos
(π
a
z
)

(3)

Hy = ψy(x, y) cos
(π
a
z
)

(4)

Hz = ψz(x, y) sin
(π
a
z
)

(5)

Discretizing computational region into edge/nodal hybrid trian-
gular elements [34], [35], and substituting (3), (4) and (5) into the
functional (2), the final linear equation of FEM can be derived
as follows:

(
[K]− k20 [M ]

) {ψ} = [P ] {ψ} = {u} (6)

where [P ] is a FEM matrix, {ψ} is a discretized field and {u}
is an incidence condition.

The LSM mode in the input port can be treated by the (6)
derived from the full-vectorial expression (2), and is obtained

Fig. 5. Design model of THz NRD grating single pass-band bandpass filter.

by solving the following wave equation:

∂

∂y

(
1

εr

∂ψz

∂y

)
+

(
k20 −

β2 + (π/a)2

εr

)
ψz = 0 (7)

where β is the propagation constant of LSM mode.

III. DESIGN EXAMPLES OF NRD GRATING BANDPASS FILTERS

We show the validity of the optimal design method for THz
NRD grating filters by designing several bandpass filters, single
pass-band bandpass filter, frequency-tunable bandpass filter, and
bandwidth-tunable bandpass filter. This section presents the
design and optimized results of these grating filters.

A. Single Pass-Band Bandpass Filter

First, we consider the design problem of a single pass-band
bandpass filter with five dielectric blocks as shown in Fig. 5.
The structure is symmetric inx- and y-direction, wherew = b =
135 μm, l1 = l11, l3 = l9, l5 = l7, and l2 = l4 = l6 = l8 = l10.
Therefore, the design variables for this design problem are,
l1, l2, l3 and l5. The range of the design variables in the
optimization process are set to, l1 = l3 = 20 μm ∼ 100 μm
and l2 = l5 = 20 μm ∼ λ/2, where λ = 300 μm (wavelength
at 1 THz). Perfectly matched layer (PML) is considered around
the computational domain with a thickness of dPML = 250 μm.
The length of the input/output ports, and the distance between the
dielectric and PML along y-axis are set to beL = da = 250 μm.
LSM01 mode is incident to the input port 1. The passband is
assumed to be 48 GHz from 0.976 THz to 1.024 THz to get a
flat top transmission band around the central frequency 1 THz.
The objective function to be minimized is given by

Minimize C = C1 + C2 + C3 (8)

C1 =

f2∑
f=f1

[
|S21(f)|2 +

(
1− |S11(f)|2

)]

C2 =

f4∑
f=f3

[
W |S11(f)|2 +

(
1− |S21(f)|2

)]

C3 =

f6∑
f=f5

[
|S21(f)|2 +

(
1− |S11(f)|2

)]
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Fig. 6. Convergence behavior in the optimal design of single pass-band
bandpass filter using GA and other existed optimization methods.

TABLE I
RANGE OF DESIGN VARIABLES AND OPTIMIZED PARAMETERS OF THE

DESIGNED BANDPASS FILTER (BW = 48 GHZ, CF = 0.9995 THZ)

Fig. 7. Optimized structure and propagation fields in the optimized bandpass
filter at different frequencies within passband and rejection band (BW= 48 GHz,
CF = 0.9995 THz).

where |S21|2 is maximized and |S11|2 is minimized inside the
passband, and in the rejection band, |S21|2 is minimized and
|S11|2 is maximized. W is the weight coefficient considered to
minimize the return loss in the passband and is set to be 1. Here,
f1 = 0.92 THz, f2 = 0.97 THz, f3 = 0.976 THz, f4 = 1.024
THz, f5 = 1.03 THz and f6 = 1.08 THz. 22 frequencies are
considered at the rejection band regions from 0.92 THz to 0.97
THz and 1.03 THz to 1.08 THz with an interval of 0.005 THz,
and 25 frequencies are considered in the the passband from 0.976
THz to 1.024 THz with an interval of 0.002 THz to considerably
suppress the unwanted resonance and get a flat top transmission.
The convergence behavior of the objective function in the device
optimization is depicted in Fig. 6. Here, we compare the device
optimization using GA with other existed optimization methods,
such as, Differential evolution (DE), Hybrid firefly algorithm
(HFA), Harmony search (HS) [36] and Covariance matrix adap-
tion evolution strategy (CMA-ES) [37] in terms of convergence
behavior of the objective function. Although, except DE all
the optimization methods show almost the same convergence
behavior, GA is used in this paper due to its wide usability in
various design problems and is very simple to use compared
to the other optimization methods. The optimized parameters
of the designed bandpass filter are shown in Table I. Fig. 7

Fig. 8. Frequency characteristics of the optimized bandpass filter (BW =
48 GHz, CF = 0.9995 THz).

shows the optimized structure of the single pass-band bandpass
filter and the propagation fields in the optimized structure for
different frequencies within the passband region as well as in
the rejection band region. We can see, the frequency within the
passband is transmitted through the device and the frequencies in
the rejection band are greatly rejected by the optimized structure.
The frequency characteristics curve is depicted in Fig. 8, which
illustrates that the optimized bandpass filter achieved the desired
flat top transmission property at the targeted frequency band
with the optimized central frequency (CF) of 0.9995 THz. Here,
the optimized bandpass filter achieved the targeted passband of
48 GHz with a 0.45-dB bandwidth and 99.6% of average trans-
mission power, thus 0.45-dB bandwidth is taken as a reference in
this paper for all the optimized bandwidth (BW) consideration.

B. Frequency-Tunable Bandpass Filter

In addition to the specific frequency filter, it is expected to
achieve frequency-tunable bandpass filter due to their potential
applications in the THz integrated circuits [38], [39], [40], [41].
Therefore, we consider the design problem of THz frequency-
tunable bandpass filter with the same design model shown in
Fig. 5. Here, the target bandwidths are set to be 48 GHz, the
target central frequencies of the bandpass filter are considered
to be 0.98 THz, 1.02 THz and 1.04 THz, and adjusted in the
optimization process. For 0.98 THz and 1.02 THz, range of the
design variables and the weight coefficient W in the objective
function are same as the design example of 1 THz. In case of
1.04 THz, design variables are set to, l1 = l3 = 20 μm ∼ λ/2
and l2 = l5 = 20 μm ∼ 200 μm, andW is set to be 5. The other
design parameters are left unchanged from the previous design
example. Table II shows the optimized parameters of the de-
signed bandpass filter at different optimized central frequencies.
After optimization, the obtained central frequencies are, 0.9811
THz, 1.019 THz and 1.0395 THz with the optimized bandwidths
of, 49 GHz, 47 GHz and 48 GHz, respectively. The optimized
structure of the bandpass filter at different central frequencies
and the propagation fields within the passband and rejection band
are shown in Fig. 9. We can see the devices designed at different
central frequencies accomplish the bandpass filtering function
with almost desired transmission and rejection in the passband
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TABLE II
RANGE OF DESIGN VARIABLES AND OPTIMIZED PARAMETERS OF THE

DESIGNED FREQUENCY-TUNABLE BANDPASS FILTER AT CENTRAL FREQUENCY,
0.9811 THZ, 1.019 THZ AND 1.0395 THZ

Fig. 9. Optimized structure and propagation fields in the optimized bandpass
filter at different frequencies within passband and rejection band, (a) BW =
49 GHz and CF = 0.9811 THz, (b) BW = 47 GHz and CF = 1.019 THz, and
(c) BW = 48 GHz and CF = 1.0395 THz.

and rejection band, respectively. Fig. 10 illustrates the frequency
characteristics of the designed frequency-tunable bandpass filter,
where we can see the devices achieved the desired flat top
transmission property at the targeted frequency band for the
different central frequencies. The average transmission power
in the passband for the central frequencies of 0.9811 THz, 1.019
THz and 1.0395 THz, are 99.3%, 98.8% and 99.1%, respectively.

C. Bandwidth-Tunable Bandpass Filter

Finally, we consider a THz bandwidth-tunable bandpass fil-
ter, which also has the potential application in THz-wave cir-
cuits [42]. The design model of the filter is same as illustrated
in Fig. 5. In this case, we only adjust the target bandwidth of
the filter in the optimization process and keep other design

Fig. 10. Frequency characteristics of the optimized frequency-tunable band-
pass filter at central frequency, 0.9811 THz, 0.9995 THz, 1.019 THz, and
1.0395 THz.

TABLE III
RANGE OF DESIGN VARIABLES AND OPTIMIZED PARAMETERS OF THE

DESIGNED BANDWIDTH-TUNABLE BANDPASS FILTER WITH THE BANDWIDTH

OF, 28 GHZ, AND 67 GHZ

parameters fixed as the first design example. Here, the target
bandwidths are considered to be, 28 GHz and 68 GHz, and the
target central frequency is set to 1 THz. The optimized param-
eters of the designed bandpass filter with different optimized
bandwidths are shown in Table III. The obtained bandwidths
are, 28 GHz, and 67 GHz with the optimized central frequency
of, 0.9994 THz, and 0.9995 THz, respectively. The optimized
structures show the desired behaviour with transmitting and
rejecting the propagation fields within the passband and rejection
band, respectively for different optimized bandwidths, as shown
in Fig. 11. The frequency characteristics curves of the optimized
devices with different bandwidths are depicted in Fig. 12. In
the figure, it is shown that the optimized structures obtained the
desired flat top transmission band at the targeted frequency range
with different bandwidths. For the bandwidths of 28 GHz and
67 GHz, the average transmission power in the passband are,
98.5% and 99.6%, respectively.

IV. CONDUCTOR LOSS CALCULATION BY EIM

In the design optimization of the filters presented in the
previous section, PEC is used as the parallel metal plates thus
the conductor loss is not considered for those design examples.
As in THz region conductor loss is not negligible, in this section
we calculate the possible conductor loss to show the practical
application of these designed bandpass filters. In this case we
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Fig. 11. Optimized structure and propagation fields in the optimized bandpass
filter at different frequencies within passband and rejection band, (a) BW =
28 GHz and CF = 0.9994 THz, and (b) BW = 67 GHz and CF = 0.9995 THz.

Fig. 12. Frequency characteristics of the optimized bandwidth-tunable band-
pass filter with the bandwidth of, 28 GHz, 48 GHz, and 67 GHz.

employed the EIM to the 2D-FVFEM to evaluate the trans-
mission characteristics of the devices during the optimization
process considering propagation loss due to the conductor plates.
NRD guide confines almost all the power inside the dielectric
strip without radiating or leaking into the air region, thus the
propagation loss due to the conductor plates in the air region
is negligible and core region is the responsible for the total
conductor loss in the device. Therefore, we employed equivalent
EIM only in the core region of the NRD grating bandpass filter.
An image of applying equivalent effective index method to the
NRD guide is shown in Fig. 13. Here, the core of the NRD guide
device and two parallel conducting plates (Ag) are considered
as a three-layer slab waveguide system. The equivalent refrac-
tive index is determined from the LSM mode analysis of the
three-layer slab waveguide in a two-dimensional approximation
analysis of the three-dimensional structure. In the analysis, the
relative dielectric constant of Silver (Ag) is calculated by using
Drude model [43] as follows:

εAg = 1− ω2
p

ω2 − jωγ
(9)

where ω is the angular frequency, ωp = 1.37× 1016 Hz is the
bulk plasma frequency and γ = 3.23× 1013 Hz is the electron

Fig. 13. Image of applying equivalent effective index method (EIM) to the
NRD guide.

Fig. 14. Frequency response of the effective refractive index and the trans-
mission performance of the NRD guide from LSM mode analysis, (a) Real part
of effective index, (b) Imaginary part of effective index and transmission loss.

collision frequency. Fig. 14 shows the frequency response of
the effective refractive index and the transmission performance
of the NRD guide from the LSM mode analysis. Here, the
imaginary part of effective index with a dielectric loss tangent of
polyethylene, tan δ = 0.0001 [32] is nearly close to that while
not considering the tan δ, as seen in Fig. 14(b). Therefore, loss
tangent of polyethylene does not have a significant effect on the
transmission performance of the NRD guide as the dielectric loss
in the NRD guide is very small compared to the conductor loss. In
the Fig. 14(b), it is shown that the maximum transmission loss in
the transmission band (0.95 THz - 1.07 THz) is only 0.3 dB/mm
with a parallel metal plate (Ag) conductivity of4.998× 107 S/m.
Here, the relative dielectric constant of polyethylene at 1 THz is,
ε(C2H4)n,EIM = 2.3− j0.001442618, where the imaginary part
is calculated from the effective refractive index and represents
the conductor loss in the NRD guide.

We consider the first design example with all the design
parameters unchanged and optimize it again with EIM+2D-
FVFEM to analyze the device performance with the conductor
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TABLE IV
RANGE OF DESIGN VARIABLES AND OPTIMIZED PARAMETERS OF THE

DESIGNED BANDPASS FILTER (OPTIMIZED WITH CONSIDERING CONDUCTOR

LOSS)

Fig. 15. Optimized structure and propagation fields in the optimized bandpass
filter (optimized with considering conductor loss) at different frequencies.

Fig. 16. Frequency characteristics of the optimized bandpass filter (optimized
with considering conductor loss).

loss approximation. Table IV shows the optimized parameters of
the designed bandpass filter after considering conductor loss. We
can see, the optimized parameters are almost same and slightly
changed due to the conductor loss consideration. Optimized
structure and propagation fields in the optimized bandpass filter
at different frequencies within passband and rejection band are
shown in Fig. 15. Fig. 16 shows the frequency characteristics
of the optimized bandpass filter. In the figure it is illustrated
that, after conductor loss approximation also the device achieved
almost ideal flat top transmission property. Here, the average
insertion loss (IL) of the optimized device is only 0.46 dB
in the passband, and the reflection in the passband is better
than −20 dB. Then, we confirm the results obtained from the
EIM and 2D-FVFEM analysis with the 3D analysis of the
obtained structure. In this case, the frequency characteristics
of the optimized structure is further calculated by the 3D-FEM.
The EIM+2D-FVFEM results show high consistency with the
3D-FEM results, as seen in Fig. 16. Although transmission loss
may be underestimated outside the core region, the difference
between EIM+2D-FVFEM and 3D-FEM results is considerably
small, thus the loss outside the core region is not significant
and can be negligible. The numerical simulation time of the
device using 3D-FEM is estimated 12 min. and 52 sec. with

Fig. 17. Image of structural tolerance consideration of the optimized NRD
grating filters.

Fig. 18. Effect of design parameters (block lengths and width) deviation on
the central frequency of the bandpass filter.

required computational memory of 305.6 GiB using a PC In-
tel(R) Xeon(R) Gold 6238R CPU @ 2.20 GHz, whereas the
EIM and 2D-FVFEM analysis time at the same PC is only
13.52 sec. with 0.794 GiB of computational memory require-
ment. Therefore, we can see that utilizing EIM with 2D-FVFEM
for conductor loss estimation significantly improves the design
efficiency of the THz devices.

V. FABRICATION TOLERANCE

The THz NRD grating bandpass filters have been designed so
far. In this section, the structural tolerance during the fabrication
of these devices is discussed in terms of design parameters
deviation effect on the bandwidth and central frequency. Here,
block lengths and width are considered to be deviated, and keep
center spacings, Sm (m = 1, 2, 3, 4, 5, 6) and central position
of the blocks fixed along x- and y-axis, respectively as shown
in Fig. 17. In terms of block length deviation, it is considered
that the block lengths, ln, ln−2, .., ln−8 (n = 10) become wider
or narrower at the same time. Width, w for all the blocks is
also considered to become wider or narrower at the same time,
in case of width deviation consideration. The central frequency
variation with the parameters deviation range within ±15 μm is
shown in Fig. 18. The variation in bandwidth is also investigated
with the same parameters deviation range as shown in Fig. 19.
In the Fig. 18, we can see the central frequency shifts downward
with increase in block lengths and width, and shifts upward in
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Fig. 19. Effect of design parameters (block lengths and width) deviation on
the bandwidth of the bandpass filter.

both the cases while decreasing. The average central frequency
shift is 0.814 GHz/μm length deviation and 1.217 GHz/μm
width deviation. As shown in Fig. 19, with decreasing the block
lengths, bandwidth almost remain unchanged, but it slightly in-
creases while increasing block lengths. The bandwidth increases
up to 52.367 GHz with 15 μm of block width decrease, and
decreases up to 45.469 GHz with 15μm of block width increase.
Here, in terms of both the central frequency and bandwidth,
width deviation is more sensitive than length deviation. Also, the
parameters deviation is more sensitive to the central frequency
than the bandwidth. If ± 2 GHz frequency shift is considerable,
(−3 ∼ +2)μm deviation in block lengths and (−2 ∼ +1)μm
deviation in block width may tolerable during the fabrication of
the devices.

VI. CONCLUSION

In this paper, we proposed THz NRD grating bandpass filters
and developed an efficient optimal design method to realize
these devices based on GA and EIM. To show the usefullness
of the design methodology and the effectiveness of the filters
in the THz-band circuit applications, we designed several THz
bandpass filters, single pass-band bandpass filter, frequency-
tunable bandpass filter, and bandwidth-tunable bandpass filter.
The proposed NRD grating bandpass filters achieved the desired
flat top transmission property at the targeted frequency band.
The proposed devices can achieve almost the ideal transmission
property after considering propagation loss as well for practical
application. The statement is confirmed by further optimizing
the single pass-band bandpass filter taking conductor loss into
account by EIM, where the desired flat top transmission band is
achieved with only 0.46 dB of avg. IL and better than − 20 dB
of reflection in the passband. The optimized structure is further
simulated by 3D-FEM and the obtained result agrees well with
that of utilizing EIM and 2D-FVFEM. The proposed method
shows high computational efficiency over 3D-FEM in terms
of required computational time and memory. Furthermore, a
thorough discussion of the fabrication tolerance of designed
devices has also been conducted. In our future work, we would
like to investigate more different types of NRD filters for THz
applications and improve our design strategy.
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