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Wireless communication technologies, including 5G and others, require devices with a reconfigurable
frequency range. Frequency selection is performed with the use of various band-pass filters. Structures
of the microstrip band-pass filters are popular due to their small dimensions and a convenient procedure
of manufacture. We have calculated design parameters of parallel-coupled half-wave band-pass filter by
using transmission line theory. The obtained design parameters have been verified with Sonnetr and
CST Microwave Studior software packages. We have chosen p-Si and p-Ge semiconductor substrates
for the band-pass filter. The obtained 3.162–3.971 GHz passband is suitable for the 5G applications.
The investigation has also showed that the electrical conductivity of the substrate has impact on the
S-parameters of the band-pass filter. The passband of the band-pass filter becomes narrower with the
increase of the electrical conductivity of the substrate.
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1. Introduction

The latest trending technology in the wireless
communications field is 5G. The technology is ex-
pected to provide and support faster low latency
broadband communication and massive machine
communication, as well to increase the full potential
of technologies of the Internet of Things. The sub-
6 GHz spectrum offers good coverage and capacity
and it is expected to be used for 5G communication
together with mm-wave band (24.25–52.6 GHz) [1].
The focus is based on bands in the range of
3.3–3.8 GHz and above 24 GHz (the range 26 GHz
and 28 GHz is the 5G higher range). The range of
3.3–3.8 GHz might be the basis for many initial 5G
services [2] and the demand for devices that allow
communication in this range will increase.

Reconfigurability or tunability is the essential
parameter in modern communication technologies.
Reconfigurable filters enable more efficient handling
of multiple tasks and reduce the number of addi-
tional components, which are needed in the commu-
nication systems. Electronically tunable devices al-
low to reduce the size and cost of the system, there-
fore the demand for such devices and technologies
is high [3–5].

There are several methods to achieve tunability.
Discrete tunability can be described as a method,
where a change in parameters is achieved by using
switching devices, such as PIN diodes, FET tran-
sistors, or MEMS elements [6]. The other method
for achieving tunability is the selection of materials
that can change parameters based on external im-
pact. A good example of this method is graphene.
The conductivity of graphene can be changed by
applying different electric fields [7]. The most com-
mon approach is to use graphene instead of metal in
the technologies of filter and antenna devices. This
allows to tune the conductivity of the metal and
achieve the required parameters.

Semiconductor materials are also interesting from
the tunability perspective. Semiconductor materi-
als are very temperature-dependent materials and
their properties mostly depend on two parameters:
temperature and density of impurities that influ-
ence the mobility of a semiconductor and have a di-
rect effect on the conductivity of the material [8].
Semiconductor materials are discussed as a sub-
strate in cases when compatibility with standard
manufacturing technologies for the microwave de-
vices is required. Typically, high-resistivity sili-
con with constant conductivity values is used as
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a substrate in filter design [9, 10]. However, pa-
rameters of semiconductors, such as electrical re-
sistivity, impact the parameters of microwave de-
vices built on this substrate. Different n-channel
MOSFET photoresponse data were reported with
substrate which was made from low resistivity sili-
con (with local 40 µm membranes) and with a sub-
strate which was made from high resistivity silicon
(thinned by grinding) in [11]. In some cases, adding
a silicon substrate to a structure can be considered
as an additional mean of tunability. Different values
of dispersion characteristics depending on the ma-
terial profile and semiconductor concentration are
demonstrated for a graded index material on semi-
conductors substrate that allows to vary the fre-
quency range of the surface wave [12].

In this study, the conventional parallel-coupled
half-wave microstrip band-pass filter (BPF) is
adapted to operate in the 5G frequency band. The
central passband frequency f0 of the BPF is syn-
thesized to be equal to 3.6 GHz. The conventional
dielectric substrate of the BPF was replaced with
a tunable p-Si or p-Ge semiconductor substrate in
order to design the reconfigurable BPF. The per-
formance of BPF is investigated based on the anal-
ysis of S-parameters. The influence of the electri-
cal conductivity of the semiconductor substrate on
S-parameters is discussed in detail.

2. Materials and method

The electrical conductivity of semiconductors σ
depends on carrier mobility µe and carrier density
N , and can be expressed as σ = eNµe, where e is
the fundamental unit of electric charge [13]. The
mobility of the carrier depends on temperature and
on a doping level (carrier density). Values of con-
ductivity σ for different densities of the carrier can
be extracted from the mobility dependencies curves.
For this purpose, the dependencies of hole mobility
on doping values are used in order to extract the
mobility values for selected densities to calculate
the p-Si and p-Ge conductivities’ values [14, 15].

The structure of a parallel coupled half wave res-
onator microstrip BPF is often used for filtering in
microwave bands, and was therefore selected for the
experiment. The structure is conventional and is
presented in detail in [16, 17]. The adjacent res-
onators are positioned in parallel to each other and
shifted by half of their length (see Fig. 1). Accord-
ing to [18, 19], this type of construction gives a rel-
atively large coupling for a given spacing between
resonators.

Design equations for the parallel coupled half
wave resonator microstrip BPF are [19]:

J01

Y0
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√
π

2

FBW

g0g1
, (1)

Jj,j+1

Y0
=
π

2

FBW
√
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, for j = 1, . . . , n− 1 (2)

Fig. 1. Design parameters of model of BPF on
a semiconductor substrate, where wj is the width
of a separated resonator, lj is the length of a sep-
arated resonator, sj is the gap between adjutant
resonators (j = 1, 2, . . . , 6), and εr is the complex
permittivity of a semiconductor substrate.
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where Jj,j+1 are the characteristic admittances of
the admittance inverters (J-inverters), Y0 is the
characteristic admittance of the terminating lines,
FBW — fractional bandwidth of filter, and g0,
g1,. . . , gn are the ladder type lowpass prototypes
with normalized cut-off Ωc = 1.

We apply (1)–(3) to calculate constants of
impedance inverter for all filter line pairs, since
the characteristic admittances are inversely propor-
tional to characteristic impedances of the microstrip
line.

Having J-inverters calculated, the even and odd
modes of characteristic impedances can be deter-
mined for a given j = 0, . . . , n using [18, 19]:
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Now, 1/Y0 equals Z0 which means the characteristic
impedance of the system — equal to 50 Ω for our
system.

To proceed with filter design, it is necessary to
find dimensions of coupled microstrip lines that
gives the desired impedances of even and odd
modes. The mathematical model, which was pre-
sented in [17, 20], allows to calculate the even and
odd modes impedances. The calculations are based
on the determination of the shape ratios of the
equivalent single resonators of a microstrip line [21].

Characteristic impedances for a single microstrip
line are as follows [17, 21]:

Z0so =
(Z0o)j,j+1

2
, (6)

Z0se =
(Z0e)j,j+1

2
. (7)

The approximate expressions for single microstrips
allow to calculate their ratios of the width W
and height h, hence for this the Wheeler [18, 22]
and Hammerstad [19, 23] equations are used.
For W/h ≤ 2:

W
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where

A =
Zc
60

(
εr + 1

2

) 1
2

+
εr − 1

εr + 1

(
0.23 +

0.11

εr

)
.

(9)
For W/h > 2:
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Using the above equations, the width and height
ratios for a single microstrip line for even and odd
modes can be calculated. Characteristic impedance
values of the single microstrip line in (6) and (7)
are equivalent to the use of ZC in (8)–(11). Once
the width and height ratios of even and odd modes
are determined in the case of the single microstrip
line, now the ratios W/h and s/h for the coupled
microstrip line can also be calculated [21]:

The expressions for the width of microstrip lines
W and the gap (spacing) s for each pair are the
following:
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The effective dielectric constant for each microstrip
is calculated using [19, 21]:

εeff =
εr + 1

2
+
εr − 1

2

1√
1 + 12h

w

. (14)

Knowing (14), the guided wavelength of a quasi-
TEM mode of microstrip can be computed [19, 21].
Namely,

λg =
λ0√
εeff

, (15)

where λ0 is the wavelength of free space. The length
of each resonator is [19, 21]:

l =
λg
4

=
c

4f
√
εre

. (16)

The design parameters of parallel coupled half
wave resonator microstrip BPF for the 5G ap-
plications are calculated according to the conven-
tional methods, which are discussed in the para-
graph above [17, 19–21]. The filter is designed
for fc1 = 3.4 GHz and fc2 = 3.8 GHz, the lower
and higher cutoff frequencies, respectively. The
fractional bandwidth (FBW) of the designed BPF
equals 0.111. The 5th order Chebyshev filter

with 0.1 dB ripples is used in the design pa-
rameters determination procedure. The thickness
h = 0.635 mm is used for both p-Si (εr = 11.7) and
p-Ge (εr = 16.2) semiconductor substrates of the
BPF. Other design parameters values like Wj —
the width of a separated resonator, lj — the length
of separated resonator and sj — the gap between
adjutant resonators are presented in (Table I). The
design parameters vary for the different substrates
because the dielectric permittivity of different semi-
conductors is different. This, in fact, influences the
parameters of the filter itself.

TABLE I

Physical parameters of BPF with f0 = 3.6 GHz cen-
tral frequency for 5G applications on the p-Si and
p-Ge substrates.

j
Si (εr = 11.7) Ge (εr = 16.2)

Wj sj lj Wj sj lj

1, 6 0.392 0.089 7.590 0.271 0.116 6.585
2, 5 0.559 0.355 7.484 0.394 0.407 6.496
3, 4 0.573 0.452 7.476 0.404 0.507 6.490
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The structure of the band-pass filter is symmet-
rical (see Fig. 1). The overall 50.61 mm length and
20 mm width are selected for the p-Ge substrate,
while the 45.54 mm length and 20 mm width are
selected for the p-Si substrate. Two different p-Si
and p-Ge semiconductors are used for the substrate
due to their different conductivity. Semiconductors
have a specific property to vary the mobility of car-
riers when the density of carriers is changing. The
dimensions of separated resonators vary and depend
on the position in the band-pass filter (Table I). The
thickness of the conductor is equal to 0.035 mm in
all cases.

The impact of conductivity on the S-parameters
of the band-pass filter is evaluated with computer
models in Sonnetr and CST Microwave Studior
software packages.

3. Results and discussion

The design parameters (Table I) of the BPF
are calculated using the transmission line theory
and they are aimed to work specifically in the
5G frequency bands. Models of BPFs are veri-
fied in Sonnetr and CST Microwave Studior soft-
ware packages. The collected S-parameters provide
data for the analysis and discussion. We have shown
the dependence of S-parameters on the conductiv-
ity for a constant temperature, where p-Si and p-Ge
semiconductor materials are used for the substrate.

3.1. Impact of semiconductor on S-parameters

The calculated design parameters are applied to
the model of band-pass filter with both p-Si and
p-Ge semiconductor substrates. The models of
BPFs are designed in the Sonnetr software package.

First of all, the basic model of the band-pass filter
is performed and analyzed without taking the con-
ductivity parameter into account (σ = 0 S/m). The
results show that (i) the lower cutoff frequency of
the band-pass filter is equal to fc1 = 3.162 GHz,
and (ii) the higher cutoff frequency is equal to
fc2 = 3.909 GHz. These results are obtained with
the p-Si semiconductor substrate. The width of the
passband is ∆f = 0.747 GHz, which is almost twice
as wide as the desirable passband, 0.4 GHz, stated

Fig. 2. Results of simulation of S-parameters of
3.6 GHz BPF on p-Si substrate, when σ = 0 S/m,
εr = 11.7.

Fig. 3. Results of simulation of S-parameters of
3.6 GHz BPF on a p-Ge substrate, when σ = 0 S/m,
εr = 16.2.

TABLE II

Comparison of passband on−3 dB level of BPFs mod-
els on Si and Ge substrates and σ = 0 S/m with
preferable passband from 5G specification.

fc1
[GHz]

fc2
[GHz]

fc

[GHz]
∆f

[GHz]
frequency 3.4 3.8 3.6 0.4

filter on Si substrate 3.162 3.909 3.5 0.747
filter on Ge substrate 3.177 3.869 3.5 0.692

in the 5G specification (see Table II). It is also im-
portant to mention that both the low fc1 and high
fc2 cutoff frequencies are also shifted away from the
central frequency. Note that the central frequency
is shifted towards lower frequencies by 0.1 GHz
(see Fig. 2).

Analogous results of the model of the band-
pass filter on p-Ge substrate show that the
lower and higher cutoff frequencies are equal to
fc1 = 3.177 GHz and fc2 = 3.869 GHz, respectively
(see Fig. 3).

The width of the passband is equal to 0.692 GHz.
The obtained central frequency is equal to 3.5 GHz.
One can see that the obtained passband is 73%
wider in comparison with the preferable width of
the passband according to the 5G specification
(see Table II).

The passband of the filter on the p-Ge substrate
is narrower (0.692 GHz) as compared to the pass-
band (0.747 GHz) of the filter on the p-Si semicon-
ductor. However, the difference is insignificant, i.e.,
it is only 55 MHz.

3.2. Impact of carrier density on S-parameters

The S-parameters are obtained for BPFs on p-Si
and p-Ge substrates with different carrier densities
values N that lead to a change in the material’s
conductivity. The temperature is set to T = 300 K.
Based on the p-Si hole mobility dependence on car-
rier density in 300 K, the electrical conductivity val-
ues are calculated for N = Na = 5 × 1015, 1016,
5× 1016, 1017, 5× 1017 cm−3 (where Na is the ac-
ceptor density). The higher carrier density results
are obtained when the higher electrical conductivity
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Fig. 4. The S21-parameters of BPF on the
p-Si substrate for temperature T = const and
when carrier density is: N1 = 5 × 1015 cm−3,
N2 = 1016 cm−3, N3 = 5 × 1016 cm−3,
N4 = 1017 cm−3, and N5 = 5 × 1017 cm−3.

Fig. 5. The S21-parameters of BPF on the p-
Ge substrate for temperature T = const and
when carrier density is: N1 = 3.2 × 1015 cm−3,
N2 = 2.7 × 1016 cm−3, N3 = 1.2 × 1017 cm−3, and
N4 = 4.9 × 1018 cm−3.

of the substrate is used at constant temperature.
The curves of S21 parameter of the band-pass fil-
ter, which is located on the p-Si semiconductor sub-
strate, are presented in Fig. 4.

In Fig. 4, one can see the increase of loss on the
increase of density which is caused by the increase
of the conductivity of the material. The acceptor
density N = Na = 5× 1017 cm−3 gives the highest
attenuation.

The conductivity values for the band-pass filter
on the p-Ge semiconductor substrate are obtained
by estimating different N = Na−Nd values (where
Nd is the donor density). The conductivity val-
ues are calculated for N = 3.2 × 1015, 2.7 × 1016,
1.2×1017, 4.9×1018 cm−3. The same pattern with
increasing losses on increased density can be ob-
tained from the S21 parameters (Fig. 5).

Fig. 6. Analysis of the bandwidth of BPFs on the
p-Si and p-Ge substrates.

The passband of the band-pass filter depends on
the conductivity of the substrate. The passband
is wider when the p-Si semiconductor is used for
the substrate. The analysis of S-parameters shows
that the passband tends to shrink when the carrier
density of the substrate is increasing (Fig. 6). The
measurements are taken in the vicinity of −20 dB.

3.3. Analysis of complex permittivity
of BPF

Firstly, the analysis of complex permittivity of
BPF is performed by using the plasma resonance
frequency of the substrate of BPF and by taking
into account the semiconductor lattice permittiv-
ity εL = εrε0, where ε0 = 10−9/(36π) F/m. The
plasma resonance frequency fp(N) of the substrate
of BPF can be calculated selecting different values
of carrier densities N of the p-Ge and p-Si semicon-
ductors. Then, one relies on the following relation:

fp(N) =
q2N

2πm∗εL
, (17)

where q is the charge of the holes (1.60217733(49)×
10−19 C), m∗ = mkme is the effective mass of holes
in the semiconductor, mk is the mass of holes and
me is the mass of the electron.

The effective heavy hole masses of the p-Si semi-
conductor are m∗

1 = 0.49me and the light hole
masses m∗

2 = 0.16me. The effective heavy hole
masses of the p-Ge semiconductor are m∗

1 = 0.33me

and the light hole masses are m∗
1 = 0.043me.

Secondly, the central working frequency of the
band-pass filter is selected for the analysis of com-
plex permittivity of this band-pass filter. The cen-
tral working frequency of the band-pass filter could
be calculated by using the equation

f0 = fc1 +
fc2 − fc1

2
. (18)

The complex permittivity at central working fre-
quency (and plasma resonance frequency) of the
band-pass filter could be calculated by using
equation

εsr(N,ω) = εL

(
1− jωp(N)

ω

1

ζ + jω

)
, (19)
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Fig. 7. Analysis of the complex permittivity of
the p-Si BPF: (a) complex permittivity in GHz
range, (b) – complex permittivity in THz range,
when N1 = 5 × 1015 cm−3, N2 = 1016 cm−3,
N3 = 5 × 1016 cm−3, N4 = 1017 cm−3, and
N5 = 5 × 1017 cm−3.

where ξ = q/(µm∗) is the collision frequency of
the free carrier, ωp(N) = 2πfp(N) is the angular
plasma resonance frequency and ω = 2πf is the an-
gular operating frequency.

The operating frequency f will be changed with
the central working frequency of the BPF f0 and
the plasma resonance frequency fp in the analysis
of the complex permittivity of the BPF.

The analysis of the complex permittivity of the
p-Si BPF (Fig. 7) is performed for the selected val-
ues of the density of holes: N = 5 × 1015, 1016,
5× 1016, 1017, 5× 1017 cm−3 at 300 K. In addition,
the effective permittivity εeff(N, f) of the BPF was
calculated in the framework of the complex permit-
tivity study.

It should be emphasized that the real part of the
complex permittivity Re(εsr(N,ω)) of the p-Si BPF
decreases when the density of the holes increases
typically from 5× 1015 cm−3 up to 5× 1017 cm−3.
The central working frequency f0 of the BPF moves
then from f01 = 3.562 GHz to f05 = 3.57 GHz
(Fig. 7a). In turn, the imaginary part of the com-
plex permittivity Im(εsr(N,ω)) of the p-Si BPF in-
creases when the density of the holes increases. The
lowest value of Im(εsr(N,ω)) could be received when
the density of holes is equal to N3 = 5× 1016 cm−3.
The highest Im(εsr(N,ω)) could be received when
the density of holes is equal to N5 = 5×1017 cm−3.
This could be explained by the fact that the

Fig. 8. Analysis of the complex permittivity of
the p-Ge BPF: (a) complex permittivity in GHz
range, (b) complex permittivity in THz range, when
N1 = 3.2 × 1015 cm−3, N2 = 2.7 × 1016 cm−3, and
N3 = 1.2 × 1017 cm−3.

complex permittivity depends on the density of
holes and collision frequency of the free carrier,
which depends on the mobility µ of the carrier.
Moreover, a very high imaginary part of the com-
plex permittivity of the p-Si BPF Im(εsr(N,ω))
shows that the electromagnetic attenuation of the
electromagnetic waves is very high in the p-Si BPF
and it means that filters should be manufactured
with the lower density of the holes N at 300 K.

The effective permittivity εeff(N,ω) of the p-Si
BPF increases when the density of the holes N at
300 K increases. The effective permittivity of the
p-Si BPF increases in all width of the passband ∆f
of the p-Si BPF at different densities of the holes.

The analysis of the plasma resonance fre-
quency fp will not have any effect on the scatter-
ing characteristics of the p-Si BPF (Fig. 7b). The
analysis shows that Im(εsr(N,ω)) of the p-Si BPF
is lower in the THz frequency range than in the
GHz frequency range. The plasma resonance fre-
quency fp increases, when N increases. The lowest
plasma resonance frequency fp1 is received, when
the density of the holes is N1 = 5 × 1015 cm−3

and the highest fp5, when the density is equal to
N5 = 5× 1017 cm−3.

The results of the analysis of the complex permit-
tivity of the p-Ge BPF are presented in Fig. 8, where
the density of the carrier is equal to: N = 3.2×1015,
2.7 × 1016, 1.2 × 1017 cm−3 at 300 K. The real
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part of complex permittivity of the p-Ge BPF de-
creases, when the density of the holes increases from
3.2×1015 cm−3 up to 2.7×1016 cm−3. The central
working frequency f0 of the BPF moves then from
f0,1 = 3.562 GHz to f0,2 = 3.39 GHz and finally
increases up to f0,3 = 3.545 GHz (Fig. 8a). The
highest imaginary part of the complex permittiv-
ity of the p-Ge BPF could be received, when the
density of holes is N3 = 1.2× 1017 cm−3.

The effective permittivity εeff(N,ω) of the p-Ge
BPF is almost the same in all investigated frequen-
cies. Namely, εeff(N,ω) ∼= Re (εsr(N,ω)) ∼= 10.74,
assuming the density of the holes to be
N1 = 3.2× 1015 cm−3.

The analysis has showed that the plasma reso-
nance frequency fp will not have any effect on the
scattering characteristics of the p-Ge BPF (Fig. 8b).
The analysis has also showed that the real part of
the complex permittivity Re(εsr(N,ω)) of the p-Ge
BPF decreases with increase of frequency in the
THz frequency range. The lowest value of the imag-
inary part of the complex permittivity of the p-Ge
BPF is obtained when the density of holes is equal
to N2 = 2.7 × 1016 cm−3 at the fp2 = 0.6258 THz
plasma resonance frequency.

3.4. Comparison of results

The results of S11 and S21 parameters are ob-
tained with the method of moments (MoM) in the
Sonnetr software package. These results are com-
pared with the results obtained with the finite-
difference time-domain method (FDTD) in CST
Microwave Studior. The continuous lines repre-
sent the results from Sonnetr and the dotted lines
represent those from CST Microwave Studior. The
blue curve shows the variation of S11 while the red
curves represent the variation of S21 (Fig. 9a and b).

Fig. 9. Comparison of S11 and S21 parameters of
BPFs with (a) the p-Si substrate and (b) the p-Ge
substrate using the MoM or FDTD methods.

Fig. 10. The E-field of BPF with the p-Si sub-
strate, at (a) 3.162 GHz and (b) 3.909 GHz cutoff
frequencies.

Fig. 11. The E-field of BPF with the p-Ge sub-
strate, at (a) 3.177 GHz and (b) 3.869 GHz cutoff
frequencies.

The results of the model of BPF on the p-Si sub-
strate (εr = 11.7) are presented in Fig. 9a, while
the results of the model of BPF on p-Ge substrate
(εr = 16.2) are presented in Fig. 9b. All design pa-
rameters in CST Microwave Studior are kept the
same as in Sonnetr. All dimensions of design pa-
rameters are given in Table I. The analysis is per-
formed by comparing the parameters of reflection
coefficient S11 and transmission coefficient S21.

The low cutoff frequency 3.145 GHz and the
high cutoff frequency 3.971 GHz are obtained with
the FDTD method in CST Microwave Studior
when the p-Si semiconductor is used for the sub-
strate. Slightly different fc1 = 3.162 GHz and
fc2 = 3.909 GHz cutoff frequencies are obtained
in Sonnetr with the method of moments (Fig. 9a).
The low cutoff frequency fc1 = 3.195 GHz and the
high cutoff frequency fc2 = 3.967 GHz are obtained
in CST Microwave Studior when the p-Ge semicon-
ductor is used for the substrate and, in comparison,
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the fc1 = 3.177 GHz and fc2 = 3.869 GHz cutoff
frequencies are obtained in Sonnetr (Fig. 9b). The
low cutoff frequency fc1, which is obtained with the
different methods in different construction, varies
no more than 50 MHz. The high cutoff frequency
fc2 varies no more than 40 MHz. The average width
of the passband is equal to 760 MHz. The variations
of the width of the passband do not exceed 80 MHz
with different methods.

The distribution of E-field at the cutoff frequen-
cies fc1 = 3.162 GHz and fc2 = 3.909 GHz observed
in individual filter elements is presented in Fig. 10a
and b. The p-Si semiconductor is used for the sub-
strate.

The distribution of E-field at the cutoff frequen-
cies fc1 = 3.177 GHz and fc2 = 3.869 GHz observed
in individual filter elements is presented in Fig. 11a
and b. The p-Ge semiconductor is used for the sub-
strate.

4. Conclusions

The attenuation of the electromagnetic waves de-
pends on the complex permittivity of the substrate
in BPFs. The highest attenuation of the electro-
magnetic waves can be received in BPFs with the
p-Si substrate. The highest attenuation of the elec-
tromagnetic waves is received, when the density of
acceptor impurities is N = Na = 5× 1017 cm−3.

The passband of BPFs depends on the resistivity
(or conductivity) of substrate. The widest passband
can be received in p-Si BPFs. In the case of the
passband of 1 GHz, it can be received in the range
of carrier densities equal to 5×1015–5×1017 cm−3.

The passband of p-Ge BPF is narrower than the
passband of p-Si BPF because these materials have
different permittivities. However, the attenuation
of the electromagnetic waves is lower in the p-Ge
BPFs at high densities of impurities.

The analysis of complex permittivity of the BPF
is performed in detail, by using plasma resonance
frequency of the substrate and by taking into ac-
count the semiconductor lattice permittivity. The
complex permittivity depends on the density of
the holes and the central working frequency of the
BPF. The real part of the complex permittivity de-
creases with the increase of the density of the holes.
The imaginary part of the complex permittivity in-
creases with the increase of the density of the holes.

Notably, the results, which are obtained by dif-
ferent MoM and FDTD methods, corresponds to
each other. The difference of fc1 does not exceed
50 MHz. The difference of fc2 is smaller than
40 MHz. The passband varies no more than 80 MHz
with different methods. The average passband is
equal to 760 MHz.

Future work considerations include replacing cop-
per with graphene and replacing the semiconduc-
tor substrate with a liquid crystal substrate. The
S-parameters could be predicted by using artificial
neural networks.
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