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We propose a multifunctional cascade metasurface designed for manipulating electromagnetic waves in the microwave frequency
range with comprehensive theoretical analysis, design optimization, and experimental validation. A set of electrically thin
metasurfaces based on planar spirals with free space impedance is used to manipulate electromagnetic waves. The metasurfaces
simultaneously generate distinct, independent, and mutually compatible wave transformations at various frequencies. A
multifunctional cascade metasurface integrates several functional devices, including a reflective cross-polarizer, a transmissive
cross-polarizer, and a nonreflective absorber. Each designed metasurface has a free space impedance over a sufficiently wide
frequency range that encompasses the operating frequencies of all metasurfaces. This attribute guarantees the autonomous and
mutually noninterfering functioning of all metasurfaces in the cascade.
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1. Introduction

As a relatively young field of science, the electrodynamics of
metamaterials (MMs) has created immense possibilities for
controlling electromagnetic waves across a significant fre-
quency spectrum, ranging from microwaves to visible radia-
tion. The resulting MMs have the ability to perform various
functions, including object cloaking, visualization, ideal
absorption, negative refraction [1–5], anomalous refraction
and reflection [6], effective scattering area reduction [7],
focusing [8], electromagnetic wave diffusion [9, 10], vortex
beam generation [11–14], and holography [15]. Irrespective
of the underlying mechanism of each application, all of their
many features are achieved by manipulating the fundamen-

tal properties of electromagnetic phenomena during their
propagation [16, 17]. MMs typically consist of continuous
macroscopic media with effective “ε” and “μ.” Their proper-
ties can be explained using the effective medium theory
[18–20]. Despite the advancements in electromagnetic field
control achieved through the use of MMs, the manufacture
of devices utilizing them remains challenging due to their
bulky nature and inevitable volume losses. Metasurfaces
(MSs), a two-dimensional version of MMs, are able to over-
come some of the problems mentioned above. MSs usually
comprise periodic or nonperiodic subwavelength and ultra-
fine unit cells with metal or dielectric resonators [21]. MSs
offer several key advantages over conventional technology
used to create MMs. These include their cost-effectiveness,
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less absorption compared to bulky MMs, and seamless inte-
gration due to their slender profile. Articles [22, 23] have
demonstrated significant progress in achieving full control
over electromagnetic waves through the use of MSs.

Numerous researchers are endeavoring to achieve the effi-
cient control of electromagnetic wave propagation by using
ultrathin structures. Compact devices with extensively inte-
grated features are emerging as one of the most popular
domains of modern technology. Given these benefits, they
are highly promising candidates for effectively addressing the
obstacles posed by the upcoming generation of transmitters
and receivers. These future high-speed communication sys-
tems demand antennas, sensors, active components, filters,
and other devices that are both highly accurate and efficient.

While numerous options exist, there is a strong need to
enhance current polarizers or create novel polarization con-
verters to meet the requirements of modern advanced tech-
nologies [24–27]. Wave polarization is incredibly rich in
information, offering insights into material properties, sur-
face topology, biological tissue properties, optical activity,
and quantum properties. As a result, MSs with the ability
to manipulate polarization can be applied in various fields
such as remote sensing, biology, medicine, microscopy, opti-
cal communications, and quantum physics to create ultra-
compact and miniaturized optical systems. Typical chiral
MSs convert the polarization of an incident wave in trans-
mission or reflection modes. They can transform linear
polarization to circular polarization and vice versa [28].
Additionally, they can also change the polarization from lin-
ear to linear with the rotation of the polarization plane [29].
This means that a transverse electrically polarized wave is
converted into a transverse magnetically polarized wave,
and vice versa.

MSs that are constructed according to the Huygens
principle are notable for their exceptional effectiveness
and simplicity in manipulating waves [30]. The Huygens
principle operates on the premise that each point of a
wavefront acts as a secondary source, either electric or
magnetic, for the radiated waves. This principle establishes
a qualitative correlation between the radiated field and its
source when considering a dipole. The Huygens MS based
on chiral inclusions offers more possibilities for manipulat-
ing the polarization of light through precise determination
and adjustment of the induced electric and magnetic
dipole moments of the chiral polarizable inclusions [31].
The chiral Huygens MS allows for independent control
of the orthogonal polarizations of linearly polarized waves.
This results in a highly efficient polarization conversion
with unity transmittance or reflection coefficient, nonsplit-
ting resonance, and broad transparency beyond the reso-
nance band [32].

Several of the MSs mentioned above have limited capa-
bilities and can only perform a single function. However,
the increasing demands of modern society necessitate the
development of technologies that can perform multiple
functions simultaneously. The most straightforward
approach to resolve this issue is through cascading. A num-
ber of works have successfully implemented this concept
[33–36].

It is important to mention that the electromagnetic
properties of MMs and MSs consisting of bulk smooth spiral
elements have been intensively investigated over the last
decades [37–41].

This research presents a multifunctional cascade MS
designed to manipulate microwave electromagnetic waves.
The structure consists of several thin MSs based on planar
spirals with free space impedance. These MSs independently
transform electromagnetic waves at different frequencies.
The proposed MS includes three functional elements: a
reflective cross-polarizer, a transmissive cross-polarizer,
and a nonreflective absorber. A detailed analysis of electro-
magnetic dipole interactions is used to study the arrange-
ment of chiral inclusions within the MS, which determines
its polarization and absorption characteristics. The chiral
inclusions are planar metal spirals aligned in the plane of
the MSs (see Figure 1). These spirals are formed by metal
traces on both sides of a printed circuit board (PCB) and
are connected through vias in the dielectric substrate. The
geometry and positioning of the spirals are carefully
designed to match the input impedance of each MS to the
impedance of free space. This condition is maintained over
a wide frequency range, covering the operating frequencies
of all MSs in the cascade. As a result, each MS operates inde-
pendently without interfering with the others. The design is
compatible with standard PCB fabrication technologies. The
resulting cascade MS offers narrowband frequency selectiv-
ity, wide transparency outside of resonance, and structural
simplicity. This paper presents experimental prototypes
and their measured frequency responses. The proposed
structures are promising for various applications, including
antenna and array decoupling, frequency-selective wave
control, and other microwave technologies.

2. Theoretical Calculations

Efficient polarization transformations can be realized using
polarizable chiral inclusions. As demonstrated in previous
studies [42], chirality directly influences the rotation of the
polarization plane of transmitted or reflected waves. The
maximum effect of a chiral inclusion on the wave occurs
under the electromagnetic balance condition p = m /c
[42], where p and m denote the electric and magnetic dipole
moments of the inclusion, respectively (the magnetic
moment is defined as m = ISm, with I being the loop current
and Sm the area enclosed by the current loop).

We analyze a plane wave incident on a MS composed of
subwavelength planar spirals arranged in a square lattice
with a unit cell area S. The wave induces averaged electric

p and magnetic m dipole moments per unit cell (the hat
notation “ ”̂ indicates unit cell moments, which may differ
from those of individual spirals if the cell contains multiple
elements). For an infinite MS, the reflected Er and transmit-
ted Et fields can be expressed as follows [43, 44] (the cross
symbol denotes the vector product):

Er = −
jωη0
2S p −

1
c
n × m , 1
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Et = E inc −
jωη0
2S p + 1

c
n × m , 2

where ω is the cyclic frequency of the wave, η0 = μ0/ϵ0 is
the free space wave impedance, E inc is the electric field of
the incident wave, c is the speed of light, n = − z 0 is the nor-
mal vector, and j is the imaginary unit.

The reflected and transmitted fields (1) and (2) arise
when a linearly polarized plane wave propagating in the −
z 0 direction with the following polarization state is incident
on the MS:

E inc = E0 x 0,H inc = −
E0
η0

y 0, 3

where x 0, y 0, and z 0 are the coordinate system unit vectors
and E0 is the wave amplitude.

Components of vectors of electric and magnetic dipole
moments read:

p =
p̂∙x 0

p̂∙y 0

p̂∙z 0

, m =
m̂∙x 0

m̂∙y 0

m̂∙ z 0

4

Here, the point between the vectors denotes their scalar
product. By substituting Conditions (3) and (4) into (1)
and (2), we may derive the following expressions [44]:

Ex
r = −

jωη0
2S p̂x −

1
c
m̂y , 5

Ex
t = E0 −

jωη0
2S p̂x +

1
c
m̂y , 6

Ey
r = −

jωη0
2S p̂y +

1
c
m̂x , 7

Ey
t = −

jωη0
2S p̂y −

1
c
m̂x 8

Equations (5)–(8) demonstrate that the MS with chiral
inclusions can become fully transparent at a specific wave-

length only when its unit cells satisfy the electromagnetic
balance condition p̂x,y = m̂y,x /c. A single planar spiral act-
ing as a chiral inclusion primarily exhibits axial electric and
magnetic dipole moments. For balanced moments, they
must satisfy this condition. However, achieving the desired
polarization transformations requires at least two spirals
per unit cell. Perfect impedance matching (zero reflection)
with air also needs this configuration. Together, these condi-
tions ensure synchronous MS response. To balance a single
spiral, we must first determine its individual dipole
moments. While various methods exist for calculating dipole
moments in arbitrarily shaped inclusions [34, 45], our study
examines a simple one-turn metallic planar spiral. This
structure serves as a fundamental chiral element that gener-
ates both electric and magnetic dipole moments at resonance
frequency.

2.1. Theoretical Calculation of a Cross-Polarization Reflector.
Consider a cross-polarization (i.e., rotating the plane of
polarization by 90°) reflector with total reflection at the res-
onant frequency. In order to achieve a full cross-polarized
reflectivity ( Ryx

2 = Ey
r /E0

2 = 1), the components of the
reflected and transmitted fields must be equal. Part of this
analysis extends the framework developed in our earlier
work [44]:

Ex
r = 0, Ey

r = E0e
jϕcrr , Ex

t = 0, Ey
t = 0 9

Here, ϕcrr is the initial phase of the reflected wave.
By substituting Condition (9) into (5)–(8), we can derive

the final conditions for cross-polarized reflection. These
conditions are based on the electric and magnetic dipole
moments of the cell and can be expressed as follows:

p̂x =
1
c
m̂y = −j

SE0
ωη0

, 10

p̂y =
1
c
m̂x = j

SE0
ωη0

ejϕ
cr
r 11

These conditions imply that the unit cell must have
equal orthogonal electric and magnetic dipole moments,
with the phase of the reflected wave equal to ϕcrr = π/2.

Conditions (10) and (11) show the required orientation
and components of the unit cell’s electric and magnetic
dipole moments. To meet these conditions, we use two
right-handed spirals aligned along one axis in the cell and
two left-handed spirals placed perpendicular to the first pair.
This approach works for any MS with subwavelength polar-
ized inclusions that need specific cross-polarized reflection
coefficients.

We will choose the spiral’s dimensions to create equal
electric and magnetic responses (electromagnetic balance).
This balance makes the MS rotate polarized waves by nearly
90° while having reflection at low level. The optimized spi-
rals work efficiently across a wide frequency range around
their resonance. This broad low-reflection bandwidth allows

d

w

t x y

z

α

lh

Figure 1: One-turn planar spiral (α is the half the angle between
the metal strips; l is the length of the strip; d is the diameter of
the hole with metalized walls; w is the width of the strip; t is the
thickness of the strip; h is the height of the cylinder equal to the
thickness of the board’s dielectric substrate).
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combining multiple MSs with different functions, as long as
they all operate within this frequency range.

2.2. Theoretical Calculation of a Transmissive Cross-
Polarizer. Let us consider the equations describing the fields
of a transmissive cross-polarizer that rotates the polarization
plane of the transmitted wave by 90° at the resonant fre-
quency. To achieve a full cross-polarized ability of the inci-

dent wave to transmit Tyx
2 = Ey

t /E0
2 = 1 , the reflected

and transmitted field components must be equal:

Ex
r = 0, Ex

t = 0, Ey
r = 0, Ey

t = E0e
jϕcrt , 12

where ϕcrt is the initial phase of the transmitted wave.
For a given polarization of the incident wave (3), the

components of the reflected Ex,y
r and transmitted Ex,y

t fields
can be determined using Equations (5)–(8). By substituting
Condition (12) into Equations (5)–(8), one can obtain the
final conditions for the transmission of a cross-polarized
wave [44]:

p̂x =
1
c
m̂y = −j

SE0
ωη0

, 13

p̂y = −
1
c
m̂x = j

SE0
ωη0

ejϕ
cr
t 14

These conditions require that the x-component of the
electric dipole moment matches the y-component of the
magnetic moment (divided by the speed of light c), while
other components must have opposite signs. This specific
configuration enables complete 90° polarization rotation of
transmitted waves without any energy loss. To satisfy these
requirements, we can use either two identical chiral spirals
(both left- or right-handed) arranged perpendicular to each
other. Four identical spirals should be used to have uniaxial
symmetrical MS properties that are oriented along both
coordinate axes in the MS plane.

2.3. Theoretical Calculation of a Nonreflective Absorber. Con-
sider the equations describing the reflected and transmitted
fields in the context of an absorber of incident electromagnetic
waves at the resonant frequency. In order to get complete
absorption of the incident wave, the components of the
reflected and transmitted fields ought to be equal:

Ex
r = 0, Ex

t = 0, Ey
r = 0, Ey

t = 0 15

By substituting Condition (15) into Equations (5)–(8), we
can obtain the final conditions for the absence of transmission
and reflection of a wave with any polarization. These condi-
tions are based on the electric and magnetic dipole moments
of the cell and can be expressed as follows [44]:

p̂x =
1
c
m̂y = −j

SE0
ωη0

, 16

p̂y =
1
c
m̂x = 0 17

The resulting Conditions (16) and (17) reveal the neces-
sary orientation and values of the components of the electric
and magnetic dipole moments. This condition can be satisfied
by using two orthogonal left-handed spirals and two orthogo-
nal right-handed planar spirals with balanced moments.

3. Simulation and Experimental Results

3.1. Simulation Observations. In order to obtain the desired
properties of the studied MSs, such as a reflective cross-
polarizer, a transmissive cross-polarizer, and a nonreflective
absorber, it is necessary to get the corresponding electro-
magnetic response of the unit cells. The balance between
the electric dipole and magnetic moments of an individual
element in the MS enables the attainment of the desired
properties. A one-turn planar spiral (Figure 1) is regarded
as an element of the MS. When subjected to an incident
plane electromagnetic wave, dipole moments are induced
in the one-turn planar spiral, which can be expressed
through the components of the tensors of electric, magnetic,
electromagnetic, and magnetoelectric polarizabilities.

The amplitudes of these polarizabilities, which are equal
in absolute value, signify a balanced response from such a
microresonator. To achieve a balanced electromagnetic
response (i.e., the equality of the amplitudes of polarizabili-
ties in resonance) from a helical microresonator, we con-
ducted a numerical simulation of a one-turn planar spiral
in vacuum, considering the frequency shift from the reso-
nant frequency due to the presence of the Arlon AD255C
dielectric. The procedure is thoroughly explained in [46, 47].

Based on the theoretical calculations mentioned above,
we performed the simulation of the unit cells of the MSs
consisting of left- and right-handed conducting planar spi-
rals arranged on the Arlon AD255C dielectric substrate εr
= 2 55. Table 1 presents the geometric parameters of MSs
with different functionalities.

Initially, the optimization of the linear dimensions of a
single spiral is carried out. The optimization criterion is that
the axial components of the polarizability tensors are
approximately equal in absolute value at the resonance fre-
quency. This indicates a balanced electromagnetic response
to excitation by a linearly polarized plane wave. A detailed
methodology was presented in our earlier works [43, 47].
Next, the unit cell is formed from the required number of
spirals to implement a specific function. To obtain the max-
imum value of a particular coefficient at the resonance fre-
quency, it is necessary to optimize the period (p) of the MS
and the distance between the spirals in the unit cell (dx).
Below are graphs of the frequency dependence of the
cross-reflection coefficient for different parameter values.

Figure 2 illustrates that changing the distance between
the spirals shifts the frequency of the maximum, while
changing the period of the unit cell affects the peak level of
the cross-reflection coefficient. In this way, the main param-
eters of the reflective cross-polarizer were optimized.

Figures 3a, 4a, and 5a demonstrate the unit cells of MSs
constructed using one-turn planar spirals. Figures 3b, 4b,
and 5b display the numerical simulation results.

4 International Journal of RF and Microwave Computer-Aided Engineering
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The analysis of the plots in Figure 3b reveals that the
coefficient of cross-polarized reflection (Rcr) approaches a
value of 0.8 at the resonant frequency, while the coefficient
of copolarized reflection (Rco) is nearly zero, indicating that
the polarization plane of the reflected electromagnetic wave
is rotated by 90°. The plots indicate that the transmission
coefficient becomes zero at resonance. However, there is a
20.4% absorption of the electromagnetic wave, which can

be attributed to losses in both the conductor (copper) and
the Arlon AD255C dielectric.

The examination of the plots in Figure 4b demonstrates
that the cross-polarized transmission coefficient (Tcr)
approaches a value of 0.7 at the resonant frequency, while
the coefficient of copolarized absorption (Tco) is virtually
zero. These findings also suggest that the polarization plane
of the transmitted electromagnetic wave is rotated by 90°.

TABLE 1: Geometric parameters of metasurfaces.

Metasurface l, mm w, mm α, deg d, mm h, mm t, μm

Cross-polarization reflector 18.5 1.6 7.5 1.5 3.175 35

Transmissive cross-polarizer 15.8 1.6 8.5 1.5 3.175 35

Nonreflective absorber 13.8 1 10 1.5 3.175 35

2.9 2.95 3 3.05 3.1
Frequency (GHz)

0

0.2

0.4

0.6

0.8

1

R c
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dx = 10 mm
dx = 11 mm
dx = 12 mm

dx = 13 mm
dx = 14 mm

(a)
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2.9 2.95 3 3.05 3.1
Frequency (GHz)

p = 45 mm
p = 50 mm

p = 55 mm
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(b)

Figure 2: Frequency dependences of the cross-reflection coefficient with (a) the distance between the helices and (b) the period of the unit cell.
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p

p

dx

(a)

2.5 2.75 3 3.25 3.5 3.75 4

Frequency (GHz)

0

0.2

0.4

0.6

0.8

1

Rco
Rcr
Tco

Tcr
A

Simulated2.99 GHz Rcr = 0.74

(b)

Figure 3: (a) Unit cell of a cross-polarization reflector based on one-turn planar spirals; (b) numerical simulation results of a cross-
polarization reflector matched in wave impedance with free space.
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Through the optimization of the key parameters, it was
determined that in order to achieve maximum absorption
efficiency, it is necessary to position the spirals at right
angles relative to each other. Additionally, it is important
to have clearly defined identical coordinates for the loca-
tion of the spirals with respect to the center of the unit
cell with a side of 50mm. The design features prevent
achieving higher absorption values. The one-turn planar
spiral has nonparallel electric and magnetic dipole
moments, resulting in different values for the coefficients
of copolarized and cross-polarized reflection, as well as
similar transmission coefficients.

The analysis of the plots in Figure 4b reveals that the
absorption coefficient (A) approaches a value of 0.7 at the
resonant frequency of 4GHz, while the copolarized reflec-
tion coefficient (Rco) and cross-polarized reflection coeffi-
cient (Rcr) do not surpass 6%.

Each MS has an ultrathin thickness in comparison to the
resonant wavelength of approximately 0.037λ. This enables
the integration of three different functions into a single mul-
tifunctional device by stacking layers in close proximity
while maintaining an overall thickness that remains small
compared to the wavelength. However, if the MSs are placed
at a distance closer than 4mm or 0.048λ, then the planar

(a)

2.5 2.75 3 3.25 3.5 3.75 4 4.25 4.5
Frequency (GHz)

0

0.2

0.4

0.6

0.8

1
Simulated3.49 GHz

Rco
Rcr
Tco

Tcr
A

Tcr = 0.74

(b)

Figure 4: (a) Unit cell of a transmissive cross-polarizer based on one-turn planar spirals; (b) numerical simulation results of a transmissive
cross-polarizer matched in wave impedance with free space.

(a)

3.5 3.75 4 4.25 4.5
Frequency (GHz)
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0.4

0.6

0.8

1
Simulated3.99 GHz A = 0.73

Rco
Rcr
Tco

Tcr
A

(b)

Figure 5: (a) Unit cell of a nonreflective absorber based on one-turn planar spirals; (b) numerical simulation results of a nonreflective
absorber on the Arlon AD255C substrate.
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spirals begin to interact with each other between layers. This
disrupts the electromagnetic balance, causing the MS to lose
its functional properties. The minimum gap required to pre-
vent interlayer coupling is 6mm (0.071λ).

In order to investigate the mutual influence and inter-
compatibility of the samples, the simulation of the MS cas-
cade depicted in Figure 6a was conducted. The MSs were
positioned at distances of 12mm (0.143λ) and 33mm
(0.333λ), respectively.

The simulation results in Figure 6b show the indepen-
dent nature of the properties exhibited by each layer. The
distances between MSs were deliberately made different to
demonstrate that the layer separation does not affect their
individual functional performance. The MS exhibits cross-
polarization reflector properties at a frequency of 3GHz.
At 3.5GHz, it revealed MS properties enabling cross-
polarization transmission. Finally, at 4GHz, the MS dem-
onstrated properties with a nonreflective absorber
function.

Figure 7 shows the numerical study to examine the influ-
ence of a multifunctional cascade of MSs on the characteris-
tics of the wave at an oblique incidence.

The studies showed that the proposed structure has quite
stable characteristics up to 30°. Cross-polarization reflection
and absorption are not lower than 0.6 in a wide range of
incidence angles up to 50°.

3.2. Experiment. The final stage of our research was to fabri-
cate prototypes using PCB technology according to the
design parameters and conduct experimental measurements.
The experimental measurements were carried out in an
anechoic chamber in the Electromagnetic Metamaterials
Research Laboratory of Nanjing University of Science and
Technology. Two horn antennas and a vector network ana-
lyzer were used to measure the reflection (Figure 8a) and
transmission Figure 8b modes.

All fabricated samples have dimensions of 410 × 410
mm. The obtained MS (Figure 9a) implements cross-
polarization reflection of incident waves. The experimental
results (Figure 9b) show a good degree of agreement with
numerical simulation. The coefficient Rcr at the resonance
frequency of 3GHz was about 75%. It should be noted that
the coefficient Rco is high, which differs from the numerical
simulation results (Figure 3b). This may be caused by the
sample imperfection after the fabrication process.

The MS implementing the cross-polarization transmis-
sion function of incident waves is shown in Figure 10a.
The experimental value of the resonant frequency and trans-
mittance for the transmitting cross-polarizer has good agree-
ment with the simulation results (Figures 4b and 10b). Also,

(a)

2.5 2.75 3 3.25 3.5 3.75 4 4.25 4.5
Frequency (GHz)

0

0.2

0.4

0.6

0.8

1
Simulated

2.99 GHz 3.98 GHz3.5 GHz

A = 0.78Tcr = 0.74Rcr = 0.72

Rco
Rcr
Tco

Tcr
A

(b)

Figure 6: (a) Model of the metasurface cascade based on one-turn planar spirals; (b) numerical simulation results of the cascade of
experimental samples with free space wave impedance.

0 10 20 30 40 50 60 70 80
Incidence angle (°)
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Figure 7: Effect of the incidence angle on the reflection, transmission,
and absorption coefficients of a cascade of metasurfaces.

7International Journal of RF and Microwave Computer-Aided Engineering

 ijm
ce, 2025, 1, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1155/m
m

ce/2346639 by B
elarus R

egional Provision, W
iley O

nline L
ibrary on [30/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Sample

Receiving
antenna

Transmitting
antenna

(a)

Receiving
antenna

Transmitting
antennaSample

(b)

Figure 8: Laboratory setup for conducting experimental studies on (a) reflection and (b) transmission.
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Figure 9: (a) Experimental sample of a cross-polarization reflector using one-turn planar spirals on the Arlon AD255C substrate; (b)
experimental results.
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Figure 10: (a) Experimental sample of a transmissive cross-polarizer using one-turn planar spirals on the Arlon AD255C substrate; (b)
experimental results.
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the MS is transparent outside the resonant frequency in the
entire frequency band.

The photo of experimental sample and measured results
of the nonreflecting absorber are shown in Figure 11a,b,
respectively. The resonance frequency is slightly shifted
toward low frequencies and is 3.94GHz. The absorption
maximum is lower than the numerically calculated values
and does not exceed 0.56. The values of the Rcr and Tcr coef-
ficients at the resonance frequency indicate an imbalance of
single-turn planar spirals in the unit cell. This mismatching
can be explained by the inaccurate correspondence of the
permittivity and loss tangent of the real Arlon AD255C
dielectric and the one specified during simulation, as well
as by an inaccuracy in the sample’s manufacturing process.

Figure 12a,b shows a MS cascade with measured reflec-
tion and transmission coefficients, which is capable of simul-
taneously performing several functional tasks. The distances
between the MSs were taken to be 12 and 33mm, respec-
tively. Different values were taken to show the independence
of the MSs from the distance and the absence of mutual
influence on each other due to different proximity.

The findings from the experimental studies demon-
strated a strong correlation with numerical simulations,
highlighting the potential of this MS cascade to function as
an independent and mutually compatible converter for
waves across different frequencies.

All experimental graphs show a shift in the resonance
frequency toward lower frequencies compared to the simula-
tion results, by approximately 0.05GHz. This shift is attrib-
uted to the discrepancy in the dielectric permittivity used in
the simulation (εr = 2 55) and that of the actual samples (in
practice, εr was higher).

It can also be stated that the absorber is more sensitive to
changes in linear dimensions. Inaccuracies in the fabrication
of flat spirals cause electromagnetic imbalance in the struc-
ture and reduce the absorption coefficient.

The mismatch between experimental results and simula-
tion may also stem from slight wave reflections between
layers. These reflections could have affected the functionality
of each layer.

The proposed multifunctional cascade of MSs demon-
strates a distinctive design with several notable advantages.
Below, we highlight the key features that distinguish the
novelty of our work from many existing studies:

• Each individual layer is ultrathin, with a thickness of
only 0.037λ. The vast majority of work is performed
according to this parameter [48].

• The operation of each individual function is inherently
designed to be frequency-selective.

• The proposed structure remains transparent over a
broad frequency range outside the resonance, with its
performance limited solely by the properties of the
dielectric substrate. In this regard, our design outper-
forms the majority of existing solutions.

• The multifunctional cascade of MSs is a passive device.
In contrast, many existing multifunctional designs rely
on active (switching) elements, such as PIN diodes
[49], which increase system complexity due to the
required control circuitry, additional losses, and other
associated challenges.

It is important to emphasize that the three demon-
strated functions do not represent the full potential of
functionalities that can be realized using planar spiral-
based structures.

From a practical standpoint, employing standard PCB
fabrication technologies makes the proposed solution eco-
nomically viable and readily scalable across various fre-
quency bands.

(a)
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0.8

1
Measured3.94 GHz A = 0.5
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Tco
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Figure 11: (a) Experimental sample of a nonreflective absorber using one-turn planar spirals on the Arlon AD255C substrate; (b)
experimental results.
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The developed MS cascade, which performs cross-
polarization reflection and transmission functions, is of con-
siderable interest for modern microwave technologies. It
enables efficient control of the polarization of both reflected
and transmitted waves. The device can be used in radar sys-
tems to create polarization filters that enhance target dis-
crimination and interference suppression by transforming
the polarization of the reflected or transmitted signal. This
solution is also suitable for communication antenna systems,
where it enables polarization multiplexing. In radar applica-
tions, it supports interference-resistant filtering and
improved target selection. Additionally, it can be integrated
into measurement setups for calibrating the polarization
characteristics of microwave components. Thanks to its pla-
nar design and compatibility with PCB technologies, the
polarizers can be easily integrated into existing microwave
systems. This is especially valuable for compact and
energy-efficient devices.

The third function, absorption, is also highly useful in
antenna and radar systems. It helps reduce mutual coupling
in antenna arrays, suppress unwanted signals, and control
the radiation pattern in a frequency-selective manner. These

features are especially relevant for modern radio systems
operating in complex electromagnetic environments, where
minimizing mutual interference is critical. The unique abil-
ity to selectively absorb radiation at a specific frequency,
while remaining transparent at others, opens new opportu-
nities for object concealment and protection of critical elec-
tronics. Unlike conventional screens that reflect or absorb
the entire spectrum, our design provides a targeted response
without disrupting the operation of nearby radio devices.

4. Conclusion

Theoretically proved and empirically validated, it is possible
to create MSs with wave impedance of free space on the basis
of one-turn planar spirals with functions of a reflective
cross-polarizer, a transmissive cross-polarizer, and a nonre-
flective absorber. The feasibility of employing a cascade of
MSs to perform multiple functional tasks simultaneously
has been illustrated. Each designed MS possesses a free space
impedance over a sufficiently wide frequency range that
encompasses the operating frequencies of all MSs. This

(a)

2.5 2.75 3 3.25 3.5 3.75 4 4.25 4.5
0

0.2

0.4

0.6

0.8

1
MeasuredA = 0.5

Frequency (GHz)

3.43 GHz2.96 GHz 3.95 GHz 

Tcr = 0.58Rcr = 0.84

Rco
Rcr
Tco

Tcr
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(b)

Figure 12: (a) Cascade of experimental samples based on one-turn planar spirals; (b) experimental results.
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characteristic allows for the autonomous and mutually non-
interfering functioning of all MSs in the cascade.
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