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ABSTRACT A novel dual-functional frequency-selective metasurface (MS) with low backscattering is
proposed by integrating a reflective cross-polarization (LRCP) converter with a bandpass frequency-selective
surface (BP-FSS). The proposed MS comprises three layers, with a cross-dipole FSS in the middle layer
that provides high-efficiency bandpass transmission. The thickness, inter-gap, and interlayer spacing of the
diagonally oriented metallic strip gratings (MSGs), printed on the top and bottom layers, are meticulously
optimized to achieve efficient LRCP conversion while maintaining high transmittance transparency for
the out-of-band frequencies. The proposed MS simultaneously exhibits two independent functionalities:
co-polarized bandpass transmission from 3.74 to 5.12 GHz with a simulated insertion loss of above —1 dB,
and LRCP conversion from 5.72 to 7.33 GHz with a polarization conversion ratio (PCR) exceeding 0.99.
The design concept is validated using two equivalent circuit models (ECMs) corresponding to the BP-FSS
and the cascaded MS configuration, as well as through measurements of the fabricated prototype com-
prising 16 x 16 unit-cell arrays arranged in a chessboard configuration. Both the ECM predictions
and measurements show good alignment with the full-wave simulation findings. In addition, the mea-
surement results showcase significant radar cross-section (RCS) reduction across the frequency range
from 5.94 — 7.21 GHz. Unlike conventional LRCP-MSs, the proposed work eliminates the need for a
complete ground plane, and hence, its dual functionality makes it a promising candidate for Radome and
communication platforms.

INDEX TERMS Radar cross section reduction, linear reflective cross polarization, bandpass FSS, metallic
strip gratings, frequency selective surfaces, polarization conversion ratio.

I. INTRODUCTION

The metasurface structures consisting of 2D periodic ele-
ments have garnered significant attention in the recent era due
to their ability to realize diverse electromagnetic (EM) char-

[81, [9], [10], [11], [12], [13], [14]. Various anisotropic
LRCP-MSs have been proposed in this regard, such as
a diagonal stub loaded with one annular ring embedded
with a strip unit [8], two 45° aligned metallic L-shaped

acteristics [1], [2], [3], [4], [5], [6]. Among them, the LRCP
MSs, as a classical approach, have made a significant con-
tribution to RCS reduction, owing to their favorable feature
of backscattering suppression through phase cancellation [7],
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resonators [9], notched square ring and rectangular patch
elements [10], L-shaped metal patch and a square metal patch
unit [11], two pairs of tapered L-shaped strips [12], two
C-shaped symmetrical open rings with a central cross-shaped
metal structure [13], and a diagonally rotated double-head
arrow MS structure [14]. Although these LRCP-MSs aim
to reduce RCS, their reliance on a complete conductive

© 2026 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.

81092

For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 14, 2026


https://orcid.org/0009-0004-7462-7356
https://orcid.org/0000-0002-9063-2647
https://orcid.org/0000-0003-2319-6782
https://orcid.org/0000-0003-1537-5502

M. Nasir et al.: Dual-Functional Frequency-Selective Polarization Converting Metasurface

IEEE Access

ground plane inherently blocks all the incident waves in the
transmission mode. This limits their functionality to only
reflection-mode operation, curbing all types of transmission
functionalities.

Realizing two independent functionalities, including trans-
mission characteristics (i.e., bandpass, bandstop, wavefront,
etc.) alongside RCS reduction, remains a key focus for appli-
cations such as communication, controlling EM interference
for co-located antennas, and Radome [15], [16]. To obtain
these features in a single MS design, researchers have
proposed a frequency-selective rasorber (FSR) technique,
which typically employs BP-FSS to create the transmis-
sion window and a resistive sheet or resistor-elements-based
surface to reduce the RCS of the out-of-band waves [1],
[17], [18], [19]. A recent study on microstrip filter design
demonstrates the use of stepped-impedance resonators and
open-stub techniques to achieve wide fractional bandwidth
and sharp rejection characteristics [20]. The inclusion of
a sharp bandpass filter alongside FSR MSs is crucial for
achieving improved RCS reduction outside the transmission
window. However, a major limitation associated with resistive
elements is the increase in the fabrication cost and com-
plexity, and enhancing thermal signatures, which can limit
their practicality. Additionally, reduced RCS in FSR struc-
tures requires a large number of lumped resistor elements to
dissipate EM energy.

Besides the FSR methodology, a cascaded configura-
tion combining coded LRCP-MS and a BP-FSS structure
also enables low RCS outside the bandpass window. For
instance, a multilayer square patch BP-FSS is placed at
the backside of a fishbone-shaped LRCP-MS instead of a
conventional metallic ground plane [21]. This configura-
tion achieves co-polarized (co-pol.) bandpass transmission
from 8.5 to 11 GHz, along with wideband RCS reduction
over 4.5 — 16 GHz. In another approach [22], a cross
slot-based BP-FSS is integrated on the backside of an electro-
magnetic bandgap (EBG) surface by adopting a chessboard
arrangement with 0° and 180° reflection phases of the EBG
unit cells, a wideband RCS reduction from 8 to 16 GHz is
realized, while simultaneously providing a co-pol. bandpass
window from 3.9 to 4.3 GHz. Pang et al. [23] adopted a
similar reflection-phase technique in the meandered trans-
mission line-based coded MS pattern for RCS reduction. The
addition of a multilayer square-patch FSS grid on the back-
side of the meandered-line MS creates a bandpass window
from 8.8 to 10.2 GHz within the wide RCS-reduction band
ranging from 4.8 to 17.2 GHz. Similarly, numerous other
dual-functionality MS designs that combine RCS reduction
with a transmission window have been reported [17], [24],
[25], [26], [27], [28], [29].

The aforementioned literature indicates that considerable
progress has been made in achieving dual functionality, com-
bining broadband RCS reduction with a bandpass window.
Nevertheless, the reflection-mode performance criteria of
these structures are strongly dependent on the geometry of the
integrated BP-FSS layer. This dependency imposes stringent
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FIGURE 1. (a) MSGs layer, (b) transmission analysis for TE- and
TM-polarized incident waves. The dimensions are: [P = 14,d = 2.75,
g1 =321, wy; =03,t = 1.6] mm.

constraints on impedance matching and the required phase of
decomposed electric-field (E-field) components for effective
LRCP conversion. Consequently, two critical issues remain
to be addressed:

1. removing the dependency of the LRCP conversion
from the BP-FSS geometry.

2. simultaneous and independent realization of bandpass
windows and LRCP conversion at different frequency
bands. The latter remains largely unexplored even
though retaining the LRCP conversion outside the
bandpass window has been extensively studied.

Consequently, obtaining independence while simultane-
ously obtaining bandpass transmission and polarization con-
version in reflection at distinct frequency bands is considered
an important topic of research.

In this article, a novel compact MS is introduced to achieve
wideband LRCP conversion, reducing backward scattering,
while maintaining a high-efficiency bandpass at adjacent
frequency bands. The MS comprises three layers: the mid-
dle layer consists of a BP-FSS, providing a high-efficiency
transmission band from 3.74 to 5.12 GHz, while the top and
bottom layers incorporate diagonally aligned MSGs form-
ing an angle of 45°, designed to obtain LRCP conversion
from 5.72 to 7.33 GHz. In addition, effective monostatic-
RCS reduction is observed within the LRCP conversion band
when unit cells are arranged in a chessboard configuration.
Owing to its two distinct and independent functionalities,
the proposed MS may be considered an attractive candidate
for applications where low RCS and simultaneous signal
transmission at distinct frequency bands are essential.

Il. DESIGN EVOLUTION

A. THEORY AND SIMULATION OF MSGs LAYERS

When x- or y-polarized waves impinge on the parallel MSGs
(i.e., the MSGs are positioned in the horizontal or verti-
cal directions), it induces surface currents along the MSGs,
causing the structure to act primarily as a reflecting surface
while allowing the orthogonally polarized waves to transmit
through the structure [30], [31], [32], [33], [34]. Applications
that require simultaneous control of both polarizations are
limited regarding this inherent behavior. To overcome this
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FIGURE 2. (a) Reflective and transmissive co-pol. and cross-pol.
components responses of the MSGs layer (b) incident E; decomposition
into u- and v-components on the MSGs layer.

limitation, 45° rotated MSGs are introduced on the FR4
substrate (¢, = 4.3 and tan§ = 0.025), as shown in Fig. 1(a).
To evaluate the transmission mechanism, the MSGs layer is
simulated in the CST Microwave Studio using y-polarized
(transverse electric, TE) and x-polarized (transverse mag-
netic, TM) incident waves and are assumed to impinge
normally from the +Z-direction, as shown in Fig. 1(b). In the
following, we denote reflective co- and cross-components
as: Ry, = ‘Ery/Ely , Ry = |E;‘/ElV , transmissive
co-components for TE- and TM-polarizations as Ty, =
‘E,y/Ely|TE , Ty = |E;‘/EZX|TM , and cross-components as
Ty = |E}/E}|, and Ty = |E} /Ef|. Where, E} and E;* (E]
and E}) are the reflected (transmitted) E-field components
along the x- and y-directions, respectively. Whereas Ely and
E? correspond to E-field excitations in y- and x-directions,
respectively.

The simulated reflection and transmission responses of
the MSGs layer are plotted in Fig. 2(a). From 2.7 to
4.1 GHz, the T, Ty, approaches 0 dB, while Ry, Ry
remains below —10 dB, confirming the MSGs act as
a transmissive surface. However, at a higher frequency
range, the reflection magnitude stays around —5 dB, indi-
cating insufficient reflection. Furthermore, no noticeable
cross-polarization (cross-pol.) in reflection and transmis-
sion is observed throughout the entire band, as both
cross-components (Ryy, Ryx) and (Tyy, Ty,) magnitudes are
around —10 dB.

Noticeably, when E; of the dual-polarized (dual-pol.) wave
impinges normally on the 45° rotated MSGs, it decomposes
into two orthogonal u- and v-components [see Fig. 2(b)],
as interpreted by the following equation:

Ei,n = ﬁnEiu,nejQ)iu'n + GnEiv,nejgiv’n ()

where n denotes n* MSGs dipole, Ej, , and E;,, , represent the
amplitudes of n component with the corresponding phases
Biy,n and By, .

As seen from Fig. 2(b), the E;, component is aligned
parallel to the length of the MSGs, producing surface currents
that result in its reflection field, which is expressed as:

Er,n = ﬁnEru,nej@ru’" (2)
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FIGURE 3. (a) Top and bottom MSGs layers separated by the air gap

(s) = 6.6 mm, with reflection and transmission of the u- and
v-components on the top MSGs layer, and v-component incidence and its
reflection from the bottom SGs layer, (b) reflective co-, cross-pol. and
transmissive co-, cross-pol. results based on the top and bottom

MSGs layers.

However, the E;, component is orthogonal to the MSGs
orientation, thereby producing minimal current, which results
in its transmission. Thus, the transmitted component can be
written as:

Et,n - f)nEtv,nejwtv’n (3)

Here E,, , and E;, , are the reflection and transmission coef-
ficients with their respective phases @, , and By, .

It is important to mention that due to the existence of mirror
symmetry along the u- and v-axis, the reflection and trans-
mission responses will remain same under dual-pol. incident
waves. Therefore, for ease, only the y-polarized (TE-wave) is
considered for further analysis and discussions.

Next, to manipulate the transmitted Ej; component,
another —45° rotated MSGs layer (bottom layer) is designed
on a similar FR4 substrate and added below to the 45° aligned
MSGs layer (top layer), as shown in Fig. 3(a). Based on the
geometry, the E;, produce surface current, which results in its
reflection, given by:

Er,n - ‘,}nErv,nejQ’v'vn (4)

A complete illustration of the incident and reflected E;
on both MSGs layers is shown in Fig. 3(a). The total
reflection (E,) from the n™ MSGs structure combines both
decomposed components (Ej;, and E;,), denoted as:

N N
E, = ity Z Eru,ne]@m'n + Z Erv,nejgw’n (%)
n=1 n=1

Eq. (5) incorporates both reflected decomposed compo-
nents from the top and bottom MSGs layers.

The decomposition of E; on the top MSGs layer and sub-
sequent reflections from both layers leads to experience a 0°
phase shift to one component, same as that to high impedance
surface (HIS) behavior. While the second component reflects
with a 180° phase shift, indicating perfect electric conducting
(PEC) behavior. Thus, a 90° rotation occurs relative to the
incident wave, resulting in an LRCP transformation. For
efficient LRCP operation, the magnitude of reflected compo-
nents (|r,| and |r,|) should be equal to unity, and their phase
difference must satisfy A¢r,, = |@r, — Or,| =~ 180° [35].

VOLUME 14, 2026
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FIGURE 4. (a) Proposed middle layer, with dimension: [w; =3, g = 0.2,
11 =5.5,I2 = 11.6, t = 1.6] mm, (b) LC mapping on the CD resonator,
(c) transmission and reflection responses comparing full-wave EM
simulation with ECM. The lumped element values are: L; = 4.32 nH,
Lo =L3 =10.84 nH, and C; = 0.13 pF.

Fig. 3(b) shows the simulated results of the combined top
and bottom MSGs layers, revealing that the combined layers
exhibit LRCP conversion between 5.24 — 7 GHz, having Ry,
value ranging from —3.5 to —1 dB and corresponding Ry, is
below —10 dB. Furthermore, no effective LRCP conversion
is observed below 5.25 GHz, as the Ry, value gradually drops
below —10 dB. Besides, negligible cross-pol. transmission
T\, is observed across the entire frequency range as its mag-
nitude stays below —30 dB.

Here two important observations can be made based on the
MSGs layers simulation results:

1. Around O dB transmission magnitude is observed in
between 2 — 5 GHz, indicating that the two MSGs
layers remain transparent to the incident wave in this
region.

2. The Ty, magnitude is observed around —5 dB from
5.25 to 6 GHz, demonstrating the occurrence of partial
co-pol. transmission within the LRCP range.

These observations imply that the LRCP performance can

be further improved, and the transparent region (between
2 — 5 GHz) can be utilized for the transmission functionality.

B. BANDPASS FSS LAYER

A BP-FSS layer incorporating a cross-dipole (CD) structure
on the FR4 substrate [see Fig. 4(a)] is utilized to evaluate
the transmittance transparency of the proposed MSGs layers.
The BP-FSS structure is rotationally symmetric and thereby
exhibits a similar response under dual-pol. Thus, upon
E-fields incidence, the induced surface current on the CD
arms forms the inductive effect, which is modeled by the
inductor Ly, Ly, and L3, respectively. While the capacitive Cy
effect originate from the induced coupling across the physical
gap. The center frequency fy of the BP-FSS can be calculated
as fo = 1 /2n+/LC [36]. The mapping of LC elements onto
the CD resonator is illustrated in Fig. 4(b), while the inset
of Fig. 4(c) presents the complete ECM. The substrate is mod-
eled as transmission lines with impedance Z, = Zy/+/¢ of [21.
where Zj is the impedance of free space (i.e., 1207). It can be
observed from Fig. 4(c) that the derived ECM model results
corroborate with the full wave EM simulation results. The
final optimized values of the LC components are mentioned
in the caption of Fig. 4.
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FIGURE 5. (a) Perspective view of the complete unit cell structure,
(b) co-pol. and cross-pol. reflection response, (d) and co-pol. and
cross-pol. transmission response of the proposed MS unit cell.

) s )
= I~ /
7] -10 \I\ A/[\\\ /
5 .20 AV
=] ]
£ 30 :
= 30[—EM R)y
& -40|- -ECM Ryy

1 23 456 7 8

Freq. (GHz)
(0)

FIGURE 6. (a) Mapping of the LC components onto each surface layer,
(b) complete ECM of the cascaded MS, (c) co-pol. reflection comparison
of the full wave EM simulation and the derived ECM model. The
optimized LC values are: Ly = L5 = 22.55 nH, C, = C3 = 0.2 pF,

Lg =1nH, Ly=Lg = 0.92 nH, C4 = 0.53 pF.

C. INTEGRATED MS DESIGN

Finally, the BP-FSS structure is inserted between the top and
bottom MSGs layers, maintaining an interlayer separation
of h = 4 mm, forming the proposed MS design, as shown
in Fig. 5(a). Based on the multiple-interference theory [37],
the proposed tri-layer structure acts as a Fabry-Pérot-like
cavity, supporting multiple reflections and transmissions.
Consequently, favoring the destructive co-pol. conversion and
constructive cross-pol. conversion. As a result of constructive
interference, a wide frequency bandwidth with high-purity
LRCP conversion is achieved. It is evident in Fig. 5(b) that
the performance of LRCP is improved in the frequency band
of 5.72 — 7.33 GHz, wherein the R,, < —1 dB and Ry,
is below —10 dB. While Fig. 5(c) shows that, in the
3.74-5.12 GHz range, the bandpass insertion loss is
above —1 dB and corresponding reflection Ry, magnitude
remains under —10 dB, validating the bandpass character-
istics. Notably, the Ty, value decays below —10 dB within
the LRCP conversion band, ensuring the effective LRCP
performance of the proposed MS. Owing to the Fabry-Pérot
cavity effect in the proposed tri-layer structure, a very weak
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FIGURE 7. (a) Reflection magnitude and phase difference (A¢r,,) of the
u- and v-components, (b) PCR across the LRCP conversion band.

transmissive cross-pol. conversion appears throughout the
entire frequency band, with T, magnitude reaching —30 dB,
which is sufficiently small enough to be ignored. In summary,
the proposed MS simultaneously achieves two independent
functionalities, including LRCP conversion in the C-band and
a bandpass window covering the S-band and a small portion
of the C-band.

To further elucidate the co-pol. reflection Ry, response of
the proposed tri-layer configuration, an ECM is derived using
LC components. Fig. 6(a) depicts the LC mapping onto each
surface layer of the MS unit cell. The metallic strips on the
top and bottom layers contribute to inductances (L4, Ls),
while their inter-gap gives rise to capacitance (Ca, C3). The
equivalent inductance (L.) and capacitance (C,) associated

with the cascaded design can be derived using L, = M

and C, = %gkl [38]. Where ¢t is the effective permittivity,
| represents the line length, Z. denotes the characteristic
impedance, and ¢ is the speed of light. Here, Z. of the
metallic pattern embedded dielectric substrates and airgap
can be identified as Z, and Z, respectively. Following this,
a complete ECM of the proposed MS is modeled, as shown
in Fig. 6(b), while Fig. 6(c) demonstrates a close resemblance
between full-wave EM simulation and derived ECM results.
Furthermore, the optimized values of the LC component are
mentioned in the caption of Fig. 6.

Other notable parameters for interpreting the LRCP mech-
anism include the u- and v-components and their phase
difference analysis. According to the proposed MS geometry,
the non-existence of isotropy along the u- and v-axis, where
one decomposed component reflects and acts as a HIS, while
the second component acts as a PEC, consequently leading
to 180° phase difference. From Fig. 7(a), the magnitudes
of the reflected components satisfy |r,|] = |r,| =~ 1 and
|Ory, — Ory| = A¢r,, ~180°£35° within the LRCP con-
version band from 5.72 — 7.33 GHz. Besides, due to the
frequency-dependent nature of the MS, the magnitude of
the decomposed components stays below —5 dB and A¢r,,
remains between 110° — 200° in the bandpass (3.74 — 5.12)
region. Thereby, the polarization state of the E; remains
unchanged.

To further evaluate the purity of the LRCP conversion,
we define PCR using the linear reflection magnitudes as
stated; PCR = (R7, /(R + R2)) [35]. Fig. 7(b) reveals that,

Xy

in the LRCP conversion band (5.72—7.33 GHz), the PCR
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FIGURE 8. Surface current distribution on the top layer (first row), middle
layer (second row), and bottom layer (third row), at the resonant
frequencies of: (a) 6 GHz, (b) 6.5 GHz, (c) 7 GHz, and (d) 4.4 GHz.

retains a peak value exceeding 0.99. The near-unity PCR
magnitude reveals a perfect LRCP conversion.

To counter verify the HIS and PEC characteristics, a cur-
rent distribution analysis is performed on each surface layer
at the resonant frequencies of 6 GHz, 6.5 GHz, 7 GHz,
and 4.4 GHz, and illustrated in Figs. 8(a) — 8(d), respectively.
At 6 GHz [Fig. 8(a)], the current vectors on the top layer
are directed downward along the —u-direction. While the
current on the middle layer is orthogonal to the top layer
in the v-direction. These out-of-phase current vectors lead
to a strong magnetic resonance, causing the surface to func-
tion as HIS. In contrast, the in-phase current direction on
the middle and bottom layers results in a PEC response.
At 6.5 GHz and 7 GHz [Figs. 8(b) and 8(c)], the currents
on the top and middle layers remain orthogonal; however,
their in-phase current leads to a PEC response. Additionally,
in-phase currents on the middle and bottom layers produce
strong electric resonance loops, enabling the MS to act as a
PEC. Notably, the surface current is primarily concentrated
on top and bottom MSGs, highlighting their contribution to
the LRCP response.

Moreover, the surface current distribution analysis is per-
formed at the bandpass frequency of 4.4 GHz [Fig. 8(d)],
revealing that the dominant in-phase currents are mainly
confined the CD resonator edges, inducing a bandpass
response from 3.74 to 5.12 GHz. Meanwhile, the out-of-
phase current is observed along the y-direction, indicating a
current-cancellation (null) effect in that direction. Notably,
at 4.4 GHz, the current vectors’ magnitude on the top and
bottom MSGs layers remains minimal, indicating their negli-
gible contribution to the bandpass response.

A conclusion drawn from the above analyses is that the
proposed MS holds two independent functionalities. One is
the LRCP conversion, which is mainly controlled by the inter-
action of the decomposed u- and v-components on the MSGs

VOLUME 14, 2026
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FIGURE 9. Reflection and transmission responses of varying inter-layer
spacing: (a) Ryy, (b) Ryy, (c) Tyy, and (d) Txy.

layers. Second, CD resonator geometry determines bandpass
behavior. These responses can be mathematically expressed
through Jones matrix [39]. In the reflection mode, the co- and
cross-polarized reflection coefficients can be described as:

Erx — RXX ny Ei
E, Ry Ry || Ey |’
If the following condition for LRCP is satisfied: |R,| =

[Ryy] ~ 0, and |Ryy| = |Ryx| ~ 1, then reflection matrix
can be derived based on the simulation parameters:

0.02 09577 o 17"

095 002 “ |1 of -
While in the transmission mode, the simulated bandpass
transmission can be approximated as:

Etx — Txx Txy _Eix
Eyy Tye Ty _Eiy
[0 0.017"
+
Lo 0.91_y+_p01' %[1 0] :
T2
|:0.91 0 0 1x_’y_pol'
0.01 0_)6—[?()[.

These matrices for both reflective (transmissive) coeffi-
cients underscore that the cross-components are approxi-
mately equal to one (zero) while co-components are nearer
to zero (one), thereby validating the independent responses,
including LRCP conversion (bandpass) functionalities.

It is noticed that the inter-layer spacing (h) directly affects
the coupling strength and phase behavior of the transmitted
and reflected decomposed u- and v-polarized wave compo-
nents, thereby controlling the LRCP conversion performance.
To examine this effect, spacing (h) thickness varies, and
the generated effects on co- and cross-pol. reflected and
transmitted components are presented in Figs. 9(a) — 9(d).
At a 3 mm spacing [Fig. 9(a)], the R,, bandwidth expands
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FIGURE 10. Chessboard array configuration for RCS reduction composed
of 16 x 16 unit cells: (a) unit cell design (“1"), (b) mirror unit cell (“0”),
(c) top view of array sections showing (“1”) and (“0") arrangement,

(d) bottom view of array sections showing (“0”) and (“1”) arrangements,
(e) co- and cross-pol. reflection phase responses of unit cells “0” and “1”
and their corresponding phase differences, (f) simulated Cartesian
far-field scattering patterns for PEC plate and proposed chessboard array
under normal incidence for 4.5 GHz and 6.3 GHz, (g) 3D monostatic RCS
pattern of the reference PEC plate and proposed chessboard array for

4.5 GHz and 6.3 GHz.

from 6.31 to 8.3 GHz (27.24%) due to the presence of strong
inter-layer EM coupling and multiple-interference effects.
In contrast, weak coupling at 5 mm spacing yields a narrow
bandwidth from 5.47 to 6.77 GHz (21.24%). Additionally, the
corresponding Ry, values remain above —1 dB, as depicted
in Fig. 9(b). Besides, a minor impact on the bandpass band-
width is observed by varying the spacing, whereby it retains
~ —1 dB insertion loss from 3.74 to 5.12 GHz, as seen
in Fig. 9(c). Meanwhile, the cross-component 7T, magnitude
stays below —20 dB thought the designated band, denot-
ing the absence of cross-pol. in transmission, as depicted
in Fig. 9(d). Conclusively, adjusting the inter-layer spacing
enables the MS to control the LRCP bandwidth without
affecting the bandpass functionality.

Ill. APPLICATION OF THE LRCP CONVERSION

FUNCTIONALITY TO RADAR CROSS-SECTION REDUCTION
In addition to LRCP conversion and bandpass func-
tionality, the proposed MS also reduces RCS through
phase cancellation. This is valuable for stealth enhance-
ment in radomes and antenna structures. To examine the
RCS-reduction effect, the MS unit cell structures are orga-
nized in a chessboard configuration, with unit cell “1”” and its
mirror structure ““0” in four quadrants, in a 10/01 sequence,
as depicted in Figs. 10(a) — 10(d), respectively. Each quad-
rant has 8 x 8 unit cells, totaling a physical dimension
of 224 x 224 mm? for accurate sampling of the scat-
tering characteristics. The monostatic RCS (oys) of the
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FIGURE 11. (a) Integration of the DR cover with the proposed MS
structure, (b) co-pol. and cross-pol. reflection, (c) co-pol. and cross-pol.
transmission, (d) and co-pol. transmission phase response of the
proposed MS unit cell with (dotted line) and without Radome (solid line)
integration.

MS can be calculated using [40]:

.2
E”y
0 (6)

E;

RCSyeduction = 41 R?

where R denotes the observation dlstance in the far-field
region, Ely represents the incident E;, and E corresponds to
the scattered E; component observed in the backward direc-
tion. For the chessboard configuration, the RCS reduction
relative to a PEC plate of identical dimensions follows [13],
[21], [40], and [41]:

RCS educiion™ 1010g,o (1 — PCR). 7)

Eq. (7) provides an approximate estimation of the mono-
static RCS reduction behavior associated with the LRCP
conversion-based unit cells and their corresponding phase-
cancellation mechanism. In the proposed chessboard config-
uration, both unit cells and their mirrored (i.e., “0”” and “1°")
generate nearly 180° phase differences in the cross-polarized
reflected fields, leading to destructive interference in the
backward direction and consequently reduced backward-
scattering.

To verify the backscattering performance, a y-polarized
plane wave propagating in the +Z-direction is used to excite
the chessboard. Fig. 10(e) reveals that the chessboard array
achieves 180° phase difference (A¢) for cross-pol. and 0°
for the co-pol. components through a “0” and “1” unit cells
arrangement, resulting in backward phase cancellation and
monostatic RCS reduction.

The Cartesian far-field 2D scattering patterns and 3D radi-
ation patterns in Figs. 10(f) and 10(g) compare the reference
PEC plate and proposed chessboard response at 4.5 GHz
(bandpass) and 6.3 GHz (LRCP conversion), respectively.
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FIGURE 12. Calculated CCL of the proposed MS.

At both frequencies, the PEC plate exhibits a prominent
specular lobe in the boresight direction (8 = 0°), as stated by
Snell’s law of reflection. However, due to MS’s transmissive
behavior at 4.5 GHz, phase cancellation is prevented, result-
ing in a specular reflection. In contrast, the chessboard pattern
at 6.3 GHz reduces backscatter by over 10 dB compared to the
PEC reference, due to the 180° phase variations between “0”’
and “1” unit cells. These results confirm that the presented
design is robust and reduces RCS only in the LRCP band.

Notably, the proposed MS achieves RCS reduction in the
LRCP conversion band via phase cancellation. However,
due to the symmetric geometry of the BP-FSS layer, the
required phase variation cannot be achieved, leading to resid-
ual specular reflection. This reflection can be suppressed by
incorporating FSR MSs [17], [18], [19] or additional phase-
cancellation layers [22], [23]. However, the inclusion of such
layers may increase insertion loss, bulkiness, complexity, and
degrade performance.

IV. PERFORMANCE ANALYSIS OF DUAL FUNCTIONALITY
TO RADOME AND COMMUNICATION APPLICATIONS
To validate the suitability of dual-functionality to the pur-
posed applications, a simulation-based analysis has been
carried out by introducing a dielectric Radome (DR) with
dimensions [P = 14, Rt = 5] mm in front of the MS.
Considering fabrication simplicity and mounting flexibility,
the square DR is selected, as shown in Fig. 11(a). A poly-
carbonate material for DR with relative permittivity &, = 3
and tané = 0.01 is considered and placed at a distance (v).
To achieve lower insertion loss, the DR is designed with a
thin wall thickness of 0.5 mm. When v varies from 2 mm
to 8 mm, the co-pol. and cross-pol. reflection Ry, Ry, and
transmission Tyy, T, coefficients remain almost unchanged,
as validated from Figs. 11(b) and 11(c), respectively. These
results demonstrate that the inclusion of Radome introduces
only minor variations in both the LRCP conversion and band-
pass transmission characteristics.

Furthermore, the transmission phase response in the pass-
band is analyzed to evaluate the impact on the wavefront.
As shown in Fig. 11(d), the transmission phase remains
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FIGURE 13. Simulated responses of the proposed MS under varying
incident angles. (a) co-pol. reflection, (b) cross-pol. reflection, (c) co-pol.
transmission, and (d) cross-pol. transmission.

stable, with negligible deviations, after the DR cover integra-
tion. This stable phase behavior ensures minimal distortion of
the transmitted wavefront, which is essential for Radome to
avoid beam degradation, boresight shift, and gain reduction.

Besides, to gain more insight into the communication capa-
bility of the proposed MS, the channel capacity loss (CCL) is
evaluated. The CCL serves as a figure of merit to quantify the
reduction in the maximum achievable transmission rate in the
communication channel. For the dual-polarized MS, the CCL
is derived as [42]:

ccL = —logh"! ®)
=l o] ®
pyy =1-— (|Ryy ”+ |Ryx|2) (10)
oy = = (RiyRox + Ry Ry an
P = — (RiRo + Ri\Ry ) (12)
pu = 1= (IRe I+ |Ro ") (13)

The calculated CCL is presented in Fig. 12. It is observed
that the CCL value remains below the acceptable threshold of
0.4 bits/s/Hz within the bandpass region, indicating efficient
transmission with minimal capacity loss. Conversely, around
2 bits/s/Hz are observed outside the bandpass region, cor-
responding to signal degradation due to the MS’s dominant
reflective behavior. In conclusion, the proposed MS is well-
suited for transparent communication only in the bandpass
region. It should be noted that the presented DR cover and
transmission-phase analyses provide only a preliminary fea-
sibility assessment for radome integration. Comprehensive
practical radome validation would also require investiga-
tions involving environmental conditions (e.g., humidity,
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FIGURE 14. Fabricated prototype of the proposed MS array, (a) top layer,
(b) bottom layer, (c) middle layer, and (d) assembled prototype.

FIGURE 15. Adopted experimental setup comprising MS, 7', and Ry
antennas for (a) co-pol. reflection (b) cross-pol. reflection, and
(c) bandpass measurements.
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FIGURE 16. Comparison of the simulated (solid lines) and measured
(dotted lines) responses of (a) co- and cross-pol. reflection (b) co-pol.
transmission, (c) PCR, (d) monostatic RCS reduction of proposed
chessboard configuration.

temperature, etc.), structural loading effects, and antenna-
integrated radiation performance, which are beyond the scope
of the present work.
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In addition to DR and CCL analysis, the dual function-
ality of the proposed MS is further evaluated under oblique
incident angles, as presented in Fig. 13. Upon E; the Ry,
bandwidth started to deteriorate from approximately 30°
[Fig. 13(a)], due to the spatial dispersion effect. Increasing
the incident angle increases the electrical length of the period,
resulting in spatial dispersion [35], [43], [44]. This dispersion
causes a frequency shift, introduces additional parasitic reso-
nance, and alters the phase response, thereby affecting overall
performance. This effect is also observed in Fig. 13(b), where
the R,, magnitude decays below —3 dB at 40° in the LRCP
conversion band. For Ty,, its magnitude stays near —1 dB
[Fig. 13(c)] at the designated bandpass range. Moreover,
the T, stays below —10 dB [Fig. 13(d)] at the entire band
for higher oblique incident angles. Notably, the present MS
prototype does not aim to achieve wide-angle stability. Future
work will focus on enhancing angular robustness, potentially
beyond 60° or higher through structural miniaturization,
reduced interlayer spacing, and single-layer design strategies.

V. EXPERIMENTAL VALIDATION

To verify the simulated results, the proposed MS containing
16 x 16 unit cells was fabricated on the FR4 substrate. The
overall size of the prototype is 224 x 224 x 12.8 mm>.
Figs. 14(a) — 14(d) shows the top, middle, and bottom lay-
ers, and the assembled MS array prototype, respectively.
The bandpass, LRCP conversion, and monostatic RCS
characteristics were measured in a fully calibrated anechoic
chamber under far-field conditions. Two identical linearly
polarized horn antennas were utilized as a transmitter (75)
and receiver (R,) and connected to a vector network ana-
lyzer (VNA). Both T, and R, antennas are aligned in the same
direction to capture the backscattered fields along the spec-
ular direction (¢ = 0°). The horn antennas were positioned
at a far-field distance d = 2D?*/A ~ 2.4 m to ensure
uniform plane wave illumination on the fabricated prototype.
Where D is the MS array dimension and A corresponds to the
highest operating frequency. To measure the cross-pol. reflec-
tions response, the antennas were positioned orthogonally
in front of the MS to record the resultant reflected waves.
For co-pol. reflection and bandpass responses measurements,
antennas were aligned parallel. Figs. 15(a) — 15(c) illustrate
the adopted experimental setups, respectively.

To obtain accurate results, a standard calibration procedure
was employed. First, a same-sized copper plate was used
as a reference to represent total reflection. Subsequently,
a free-space measurement was performed (without placing
the prototype) to account for free-space path loss values. The
measured responses were first corrected by subtracting the
free-space contribution and then normalized with respect to
the PEC reference. The normalized reflection coefficient is
expressed as: % where FMS, FPEC, and I'FS represent
the measured responses of the MS, PEC plate, and free space,
respectively.
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The finalized measured results are plotted in
Figs. 16(a) — 16(d), respectively. Fig. 16(a) indicates that
the Ry, response stays below —10 dB from 3.8 to 5.2 GHz
for bandpass and 5.75 to 7.4 GHz for LRCP conversion.
Whereas corresponding Ry, magnitude stays above -2 dB
only for the LRCP conversion band. From Fig. 16(b), the
measured bandpass insertion loss appears closer to —2 dB
from 3.8 to 5.2 GHz.

On the other hand, the Ty, magnitude is below —10 dB
within the LRCP conversion band, indicating that the pro-
posed MS facilitates high-efficiency LRCP transformation.
Additionally, Fig. 16(c) shows a close match between
the numerically evaluated and measured PCR responses.
Furthermore, a comparison between simulated and mea-
sured RCS results for the proposed chessboard array is
presented in Fig. 16(d), demonstrating that more than 10 dB
of RCS reduction is achieved from 5.94 to 7.21 GHz,
while no significant RCS reduction occurs in the trans-
mission band. Notably, the measured results show excel-
lent agreement with the simulation results; however, minor
discrepancies are attributed to dielectric loss, fabrication
tolerances, slight antenna misalignment, and finite-size
effects.

Additionally, to highlight the proposed MS’s novelty,
the design was compared with the available literature
listed in Table 1. The advantages of the proposed dual-
functional MS can be compared to existing designs
as follows:

1. The proposed MS design has more compact footprints

than the designs reported in [17], [19], [20], [21], [22],
[23], [24], [26], [28], and [29]. In addition, it is electri-
cally thinner than the structures reported in [17], [18],
[19], [20], [21], [23], [24], [26], [28], and [29].

2. The structural complexity of the proposed dual-
functional MS is lower than that of the designs in [17],
[18], and [19], as it avoids the use of lossy layers while
preserving dual functionality. Furthermore, compared
with [17], [18], [21], and [23], the proposed design
incorporates fewer substrate layers.

3. Inmost prior studies, the reflection-mode performance
is strongly dependent on the geometry of the integrated
bandpass FSS layer. However, this dependency is effec-
tively eliminated in the proposed design.

4. Finally, the proposed MS enables independent control
of each functionality without introducing mutual per-
formance degradation.

This comparative analysis demonstrates that available
benchmark designs fall short of simultaneously and inde-
pendently achieving the LRCP conversion and bandpass
characteristics, which are distinctive key features of the
proposed MS. Moreover, the proposed design maintains
wideband RCS reduction only within the LRCP conversion
band, thereby ensuring efficient and functionally independent
operation.
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TABLE 1. Proposed MS versus state-of-the-art benchmark designs.

Tx. (range) ~ 10dBLRCP 10 dB RCS RCS Independency Independent Radome/ UCS at
Ref. Pol. GHz, (:;:V:)rztl)_;lz reduction (range) Reduction of reflection control of CCL ML 23
FBW % F]gw % > GHz, FBW %  Mechanism functionalities Analysis h
TE Bandpass, (3.3-8.5), 88.1 0.5%0.5
[17] (9.5-11.7), NR (15-20),28.5  Lossy layer No No No 5 Lol
™ 20.7 (2.8 -20), 151 '
Bandpass, 0.33%0.3
(18]  Dual (7.4-12.1), (3.1-6.0),63.73  (3.3-20), 143  Lossy layer No No No 5 )
( ), ( ), y lay
482 3x0.82
TE Bandpass, (1.32-17), 171.1 L8x1.8
19 49-5.15 NR Lossy | N BX 26X
mor oy € ion ) (14-16.8),169.2 o e © No No 3 059
Bandpass,  (5.66-6.9), 19.74 LRCP 0.76x0.7
21 Dual 2 4.5-16),112.2 N ) )
[21] ua (8.5—11),25.6 (12.8-15.2),17.14 ( ), Conversion © No No 4 6x0.5
Bandpass, Phase 12812
X
22 Dual 9-4. R -1 . N : )
[22] ua @ 99 75 3, N (8-16), 666 Cancellation ° No No 2 8x0.24
. Bandpass
Single § (4.8-10),70.27 Phase 0.49%0.4
231 g (8‘81;170'2)’ NR (11.1-17.2), 43.1 Cancellation No No Noo 4 95046
Bandpass, Phase
[24] Dual 7.3 GHzand NR (42-13.9),107.1 , No No No y  0.74x07
Cancellation 4x0.35
12.6 GHz
Bandpass, Phase 0.61x0.6
2 Dual NR 5—11.5), 106. N ) ’
[26] ua 8.4 GHz (3.5 5), 106.6 Cancellation © No No 2 1x0.345
Bandpass, Phase
[27] Dual  (11.3-13.3), NR 4.1-7.7),61 ) No No No 3 0.18x0.1
16.26 Cancellation 8x0.27
Bandpass, Phase 0.51x0.5
28 Dual NR 8.4 -18), 72. . N : :
[28] b (3.7-4.3), 15 ( ), 727 Cancellation © No No 3 1x0.43
Bandpass, Phase
[29] Dual  (11.8-12.1), NR (7.5 - 15.7), 70.7 ) No No No 3 032x05
251 Cancellation 2x0.33
Bandpass,
(5.94 -7.21), LRCP 0.34%0.3
™ Dual (3.7;11- 15;2), (5.72-7.33), 24.67 19.31 Conversion Yes Yes Yes 3 4x0.31

*UCS: Unit Cell Size, Pol. polarization, Tx.: Transmission Behavior, ML: Metasurface Layers, 4j,: Highest Operating Frequency, TW: This Work

VI. CONCLUSION

A novel three-layer MS has been proposed, designed, and
experimentally validated to simultaneously achieve wideband
LRCP conversion and high-efficiency bandpass transmis-
sion at adjacent frequency bands. Unlike previously reported
dual-functional MS designs, whose reflection-mode perfor-
mance strongly depends on the geometry of the integrated
bandpass FSS layer, the proposed approach eliminates this
dependency by incorporating diagonally rotated MSGs lay-
ers. This configuration enables efficient cross-polarization
conversion in reflection while simultaneously maintaining
high transmission transparency at out-of-band frequencies.
To evaluate the transparency, an FSS incorporating a CD
resonator is introduced in the middle layer. Simulation
results predict that the resultant structure provides the LRCP
conversion from 5.72 to 7.33 GHz (24.67%) with PCR
exceeding 0.99, and the bandpass transmission covers the

VOLUME 14, 2026

3.74 — 5.12 GHz (31.15%) with simulated insertion loss
of above —1 dB. Furthermore, when the proposed MS is
arranged in a chessboard configuration using the 01/10 cod-
ing scheme, a monostatic RCS reduction exceeding 10 dB
is achieved within the LRCP conversion band spanning 5.94
—7.21 GHz, (19.31%). However, no noticeable RCS reduc-
tion is observed within the bandpass transmission region,
confirming the independent operation of the two func-
tionalities. Besides, the fabricated prototype experimentally
validates the proposed dual-functional operating concept with
acceptable agreement between simulation and measurement.
Considering the combined and independent functionalities
across distinct frequency bands, together with its low-profile
configuration, the proposed MS is a potential candidate
for Radome and communication applications, where simul-
taneous transmission and reduced scattering are highly
desirable.
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