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Abstract—The design of a multilayer bandpass filter has been investigated, in which each of the half-wave-
length resonators consists of two dielectric layers with outer strip conductor gratings in the form of square
grids and inner ones in the form of square patches. The grids serve as mirrors with specified reflective prop-
erties, which ensure optimal couplings of the outer resonators with free space and optimal coupling between
the resonators. The patch gratings make it possible to tune the resonator eigenfrequency during the filter syn-
thesis. The efficiency of the quasi-static calculation of the frequency response for the layered structure is
shown for the case of a lattice period smaller than the wavelength in the dielectric and much smaller than the
layer thickness. Since the calculation does not require much computing power, the parametric synthesis of
the device can be performed on a conventional personal computer. The measured characteristics of the pro-
totype of the synthesized third-order filter with a fractional passband width of ∼10% and a central passband
frequency of ∼10.6 GHz are in good agreement with the calculation. The proposed design allows one to fab-
ricate multilayer panels radio transparent in a certain frequency band for hiding microwave antennas.
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At present, the features of transmission and reflec-
tion of electromagnetic waves falling onto structures
consisting of dielectric layers with strip conductor
periodic structures (2D gratings) formed on their sur-
faces are intensively being studied [1–4]. The interest
in such structures is due to the possibility of their use
to create frequency selective surfaces serving as band-
pass filters operating in the ranges from decimeter to
submicron wavelengths. Strip elements forming a 2D
periodic structure, for example, metal patches or
metal grid cells, exhibit the properties of parallel or
series oscillating circuits, which allows one to create
bandpass filters using multilayer structures consisting
of interacting resonant structures. It is important that,
at high frequencies, the unloaded Q factor of strip res-
onators decreases with a decrease in the skin depth
and an increase in the value of the substrate roughness
effect. Therefore, the multilayer filters based on the
strip conductor resonant structures have a relatively
high passband loss.
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The filter designs in which the dielectric layers
serve as high-Q resonators and the 1D or 2D strip con-
ductor structures formed on their surfaces work as
mirrors with a specified reflectivity have the much
lower loss [5, 6]. To expand the high-frequency stop-
band in such structures, the strip structure period
should be much shorter than the wavelength in the
dielectric; then, their resonant frequencies are much
higher than the filter passband. However, the most
promising designs are those, in which the resonators
consist of not one, but two dielectric layers with outer
2D strip conductor gratings, e.g., in the form of square
grids, and with inner ones in the form of square
patches [7]. Such designs not only have higher fre-
quency-selective properties, but also make it possible
to change the filter passband center frequency in a
wide range at a specified permittivity of the layers and
their fixed thickness. It should be noted that bilayer
resonators were used in the original designs of filter-
polarizes [8, 9] with 1D strip conductor gratings
crossed between adjacent layers in a multilayer struc-
ture.

BILAYER RESONATOR-BASED
FILTER DESIGN

The resonators forming a filter consist of two iden-
tical dielectric layers with thickness h (Fig. 1а) with
strip conductor gratings in the form of grids with win-
3
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Fig. 1. (а) Design of a resonator consisting of two dielectric layers with strip conductor gratings, (b) bilayer resonator-based third-
order filter, and (c) its equivalent circuit.
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dow width sLi on their outer surfaces and a grating of
square strip conductors (patches) with width wCi
placed between the layers. The gratings have the same
period T and are subwavelength; i.e., T is much shorter
than the wavelength at the eigenfrequency of the reso-
nator oscillation first mode. Figure 1b shows a cross
section of the third-order filter, and Fig. 1c, its equiv-
alent circuit for an electromagnetic wave incident from
free space. The electric thickness θ of the dielectric
layers is determined by their thickness h and permittiv-
ity ε. The conductors on the resonator outer layers are
inductances L1,2, and the strip conductors on the inner
layers form capacitances C1,2. The inductive gratings
ensure the optimal couplings of the outer resonators
with free space and the resonators with each other; the
eigenfrequency of the resonators decreases with the
conductor width. The capacitive gratings make it pos-
sible to vary the resonator eigenfrequencies in a wide
range, lowering them with increasing wCi.

According to the specified frequency response, the
filter is tuned for a chosen layer thickness and permit-
tivity by only tuning the gaps of the outer (sL1) and
inner (sL2) inductive grids and the patch width (wC1,
wC2) in the capacitive gratings of the outer and central
resonators.
QUASI-STATIC MATRIX CALCULATION
OF THE FILTER FREQUENCY RESPONSE

The quasi-static approximation used in calculating
the frequency response of the investigated layered
structure assumes that the grating period T is much
shorter than the wavelength in a dielectric at the center
frequency f0 of the filter passband and, simultane-
ously, shoter than the layer thickness h. The layered
structure is assumed to be a cascade connection of
two-port networks corresponding to the dielectric lay-
ers and strip conductor gratings, the properties of
which are described by transmission ABCD matrix and
scattering S matrix. ABCD matrix of the structure is
determined by multiplying the ABCD matrices of all
the two-port networks [10]. ABCD matrix of a two-
port network connected to the ports relates the
voltages and input currents in the ports by the equa-
tion [10]

(1)

where indices 1 and 2 are the port numbers. In the
investigated model, the two-port network ports are the
strip grating surfaces. Therefore, Eq. (1) takes the form
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(2)

where indices x and y denote the components of the
electric and magnetic field strength vectors under the
assumption of the z axis directed along the normal to
the layered structure surface and the x axis directed
along the electric field of the incident wave.

The scattering matrix (S) relates the normalized
amplitudes bn of the outgoing waves to the normalized
amplitudes an of the incident waves as [10]

(3)

The normalized amplitudes are determined using the
formulas

(4)

where  and εn are the characteristic
impedance and permittivity of the medium adjacent to
port n, respectively, and  is the characteris-
tic impedance of free space. The matrix elements S11
and S22 are the complex reflectivities, and S21 and S12 are
the complex transmittances. Their arguments describe
the phases of the reflected and transmitted waves. The
investigated structure contains no gyrotropic media;
therefore, the structure and each of its elements are
described by mutual two-port networks, for which the
equalities S21 = S12 and AD ‒ BC = 1 are valid [10].

The ABCD and S matrices are interrelated. Their
interrelation is expressed in the formulas

(5)

where ΔS = S11S22 – S21S12, and the formulas
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An ABCD matrix of the electromagnetic wave fall-
ing onto a dielectric layer with thickness h, the time
dependence of which is described by the factor
exp(–iωt), is well-known:

(7)

where ε is the permittivity of the dielectric and θ =

 is the phase thickness of a layer at frequency ω.

The S matrices for the strip conductor gratings in
the form of square grids [11] or square patches [12]
located at the interface between two media with per-
mittivities ε1 and ε2 have the same form

(8)

where Y is the conductivity of the grating related to the
inductance and capacitance of the conductors of its
unit cell by the formula

(9)

For the inductive grating in the form of a grid with
period T and square gap side s, the grating conductiv-
ity YL is determined by the formula [11]

(10)

The first term in Eq. (10) describes the inductive part
of the conductivity, and the second term, its capacitive
part. It can be seen that, at low frequencies, the induc-
tive part of the conductivity prevails over the capaci-
tive one.

For the capacitive grating, the conductivity YC can
be calculated using Eq. (9), in which the inductance
and capacitance of the conductors are expressed as
[12]
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Fig. 2. Frequency responses of the third-order filter syn-
thesized using the formulas (solid lines) and obtained by
the numerical electromagnetic calculation of a 3D model
with the parameters of the synthesized filter (dashed lines).
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where T is the lattice period, w is the side of its square
conductors, and function X(a) denotes the double
integral

(13)

Note that, at low frequencies, the capacitive contribu-
tion to the conductivity YC dominates.

The frequency response of the bilayer resonator-
based filter, i.e., its scattering matrix S, is calculated as
follows. First, the scattering matrices for each grating
in the layered structure are calculated using Eq. (8).
Then, using Eq. (5) the corresponding ABCD matrices
are calculated. The ABCD matrix of the identical
dielectric layer is calculated using Eq. (7). The ABCD
matrix of the entire structure is calculated by the
sequential multiplication of the ABCD matrices of all
planar elements, starting with the inductive grating on
port 1 and finishing with the grating on port 2. The
obtained ABCD matrix is used to calculate the desired
S matrix using Eq. (6).

The investigations showed that the presented
quasi-static calculation of the characteristics of a mul-
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Table 1. Widths of the square gaps and strip conductors of
the gratings of a third-order multilayer filter with a passband
center frequency of 16 GHz

Calculation 
technique

sL1, mm wC1, mm sL2, mm wC2, mm

Quasi-static 2.785 2.529 1.831 2.725
Electromagnetic 2.857 2.556 1.709 2.732
tilayer filter is in good agreement with the electromag-
netic calculation of its 3D model, the results of which,
as is known, almost coincide with the experiment.
However, the agreement is only observed when the
above design requirements are met; specifically, the
grating period T should be much shorter than the
wavelength in the dielectric at the filter passband cen-
ter frequency f0 and, simultaneously, smaller than the
layer thickness h. Therefore, it is interesting to esti-
mate the accuracy of the calculation of the frequency
response using the formulas derived when these
requirements are not met. Figure 2 (solid lines) shows
the frequency dependences of the insertion loss S21
and return loss S11 of the third-order filter with a pass-
band center frequency of f0 = 16 GHz and a relative
passband width of –3 dB Δf/f0 = 10% synthesized
using the above formulas. In the calculation, the
thickness of the layers was h = 1.5 mm, their permit-
tivity was ε = 2.2, and the period of all the gratings was
chosen to be twice as much as the layer thickness, i.e.,
T = 3 mm, which violates the condition for applicabil-
ity of the quasi-static approach. The filter was tuned
by fitting the grid gaps sL1 and sL2 and the patch
widths wC1 and wC2 in the layered structure such that
the maximum of the reflections in the passband were
at the level of –15 dB. The obtained tuning parameters
of the structure are given in Table 1 (upper row).

The tuning parameters determined were used in a
3D filter model, the frequency responses of which
obtained by the numerical electrodynamic calculation
in the CST Microwave Studio are shown in Fig. 2
(dashed lines). The relatively small difference between
the corresponding pairs of characteristics indicates
that even if the quasi-static approximation conditions
are violated, the formulas proposed make it possible to
find the design parameters of the structure that can be
used as seed ones in its 3D model at the initial stage of
optimization. This multiply accelerates designing of
the filters in the electromagnetic software packages,
which, as is known, require much computing time.
For comparison, Table 1 (second row) gives the opti-
mal design parameters of the gratings of the layered
structure after its tuning using the numerical electro-
magnetic 3D simulation. In this case, the frequency
response of the tuned filter fully coincides with those
shown in Fig. 2 by solid lines.

STUDY OF THE MULTILAYER FILTER 
PROTOTYPE

To check the operability of the bandpass filter
based on bilayer resonators, we fabricated a third-
order filter prototype consisting of six dielectric layers
with an area of 300 × 300 mm. The strip conductor
gratings were formed on metallized RO3010 plates
(Rogers Corporation) with a thickness of h = 1.29 mm, a
permittivity of ε = 11.2, and a dissipation factor of
tanδ = 2.2 × 10–3. The dielectric plates were stacked in
DOKLADY PHYSICS  Vol. 65  No. 9  2020
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Table 2. Widths of square gaps and strip conductors of
the gratings of a third-order multilayer filter with a frac-
tional passband of Δf/f0 = 10% and a passband center fre-
quency of f0 = 10.5 GHz

sL1, mm wC1, mm sL2, mm wC2, mm

2.846 1.770 1.570 2.205
a monolithic structure with a RO4450B prepreg (Rog-
ers Corporation) having a thickness of 0.127 mm, per-
mittivity of ε = 3.54, and a dissipation factor of tanδ =
4.0 × 10–3 using the multilayer printed circuit board
DOKLADY PHYSICS  Vol. 65  No. 9  2020

Fig. 3. Calculated frequency responses of the third-order
filter prototype: insertion loss (solid line), return loss
(dashed line), and measured frequency dependence of the
insertion loss (dots). (a) Filter photograph (on the top) and
fragments of its (b) outer and (c) inner strip conductor
gratings.
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technology. The photographs of the device and frag-
ments of its outer and inner strip conductor gratings
are shown in Fig. 3. For definiteness, the periods of
the inductive and capacitive strip conductor gratings
for all the resonators were specified to be the same (T
= 3.0 mm). Preliminarily, the device was synthesized
using the formulas obtained for a passband center fre-
quency of  f0 = 10.5 GHz and a relative passband width
of Δf/f0 = 10%; then, the grating parameters deter-
mined were used as seed ones in the 3D model for syn-
thesizing the filter in the CST Microwave Studio.
The parameters of the gratings of the synthesized filter
are given in Table 2, and its calculated frequency
responses are shown by solid and dashed lines in
Fig. 3.

The characteristics of the fabricated filter proto-
type were measured with an R&S ZVA 40 vector ana-
lyzer using miniature broadband horn antennas. Tak-
ing into account the relatively small filter sizes, the
distance between the transmitting and receiving
antennas was chosen to be minimum, but without
destruction of the plane wave. The measurement data
are shown in Fig. 3 (dots). Note that the calculated
minimum loss in the passband of the device was
∼0.3 dB and the loss measured on the prototype was
∼0.6 dB. The measured fractional passband width
Δf/f0 = 10% of the prototype and the passband center
frequency f0 = 10.6 GHz agree fairly well with the
numerical electrodynamic calculation of the filter 3D
model.

CONCLUSIONS
Thus, in this study, we made a quasi-static calcula-

tion of the design of a multilayer bandpass filter, in
which each of the half-wavelength resonators consists
of two dielectric layers with outer strip conductor grat-
ings in the form of square grids and inner ones in the
form of square patches. All the gratings in the structure
are subwavelength; i.e., their period is much shorter
than the wavelength. Therefore, the resonant proper-
ties of the gratings manifest themselves at frequencies
much higher than the passband. The unloaded Q fac-
tor of the bilayer resonators is high, since it is mainly
determined by the Q factor of the dielectric layers. The
metal grids serve as mirrors with specified reflective
properties and ensure the optimal couplings of the
outer resonators with free space and the optimal cou-
plings between the resonators; therefore, they have a
weaker affect on the Q factor of the resonators. The
patch gratings allow one to change the eigenfrequency
of the resonators within a wide range, which makes it
possible to vary easily the center frequency of the filter
passband and adjust the resonator frequencies inde-
pendently when tuning it. We demonstrated the high
efficiency of the quasi-static calculation of the fre-
quency response of the layered structure not only at
the satisfied conditions of applicability of the quasi-
static approximation, when the grating period is



348 BELYAEV et al.
shorter than the wavelength in the dielectric and much
smaller than the layer thickness, but also when these
conditions are strongly violated. Since the high-speed
quasi-static calculation does not require much com-
puting time, the parametric synthesis of the devices
can be performed in a record-short time on a conven-
tional personal computer. The relatively small differ-
ence between the frequency responses of the investi-
gated layered structure obtained by the electromag-
netic and quasi-static calculations allows one, using
the formulas obtained, to find the design parameters
of the structure, which can be used as seed ones in its
3D model at the initial stage of optimization. This
multiply accelerates designing of the filters in electro-
magnetic simulation software packages.
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