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ABSTRACT This paper presents and experimentally validates a multifunctional anisotropic metasurface
(MS) that exhibits linear-to-linear (LTL) reflective cross-polarization (RCP) and circular polarization
conversion (CPC) responses across multiple frequency ranges. The proposed MS integrates a single-layer
design consisting of 45◦ oriented truncated circular ring and an hourglass-like structure, providing four LTL-
RCP conversion bands (2.41 – 2.48, 3.16 – 3.46, 5.80 – 6.59, and 11.64 – 13.75) GHz with polarization
conversion ratio (PCR) exceeding 95%, and seven CPC bands (2.33 – 2.38, 2.55 – 2.99, 3.69 – 5.37,
7.13 – 10.92, 13.95 – 14.25, 14.93 – 15.17, and 15.31 – 15.56) GHz with the axial ratio (AR) less than
3 dB, covering the S-, C-, X-, and Ku-bands. By only adjusting the angle of the hourglass structure at 15◦

within the same structure, LTL-RCP with PCR greater than 95% is realized in the frequency bands from
13.71 to 14.64 GHz, along with ≤ 3 dB of AR is achieved at four additional CPC bands at (2.20 – 2.36, 2.95
– 8.41, 10.84 – 12.30, and 14.84 – 15.06) GHz. The polarization conversion mechanisms are explained
through detailed surface-current distributions analysis and full-wave electromagnetic (EM) simulations.
Furthermore, the proposed concept is validated through the measurements of the fabricated prototype
consisting of 8 × 13-unit cells. The measurement results are in excellent agreement with the simulation
predictions. The proposed MS design demonstrates a simple yet effective solution for achieving tunable
multi-band polarization manipulation without structural modification, making it suitable for advanced EM
communication applications.

INDEX TERMS Reflective circular polarization, reflective cross polarization conversion, multiband,
multifunctional, polarization conversion ratio, axial ratio, communication application.

I. INTRODUCTION
The MS structures, consisting of periodically arranged sub-
wavelength resonators, provide compactness, low cost, and
efficient solutions for manipulating EM waves [1], [2]. MSs
utilize the EM coupling and structural isotropy/anisotropy to
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effectively control the magnitude, phase, and polarization [3],
[4], [5], [6]. As a result, it can be used for diverse applications,
such as radar stealth technology, wireless communication,
and antenna design [7], [8], [9]. Recent studies reveal that
the MS structures have significant potential to realize EM
wave polarization conversion. For example, Yang et al.
[10] reported a split-square-ring-based reconfigurable MS
that combines cross- and circular-polarization (circular-pol.)
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conversions in reflection along with other EM properties by
changing the state of the integrated PIN diode. Another recon-
figurable MS in [11] combines orthogonal strip gratings in a
multilayer structure, retaining LTL cross-polarization (cross-
pol.) conversion in reflection and transmission. Furthermore,
butterfly-shaped patches integrated with PIN diodes are
studied in [12], yielding multiple LTL-RCP and CPC bands
depending on the diode switching state. Reference [13]
proposes symmetrical L-shaped patch structures that utilize
PIN diodes to toggle between LTL-RCP conversion and
CPC characteristics. In general, the switching state of the
integrated diodes allows the MS to tailor EM response,
enabling controlled switching or achieving RCP and CPC
functionalities [14]. The high flexibility in achieving multi-
band and multifunctionality with PIN diodes results in
increased biasing complexity, integration challenges, and
fabrication costs when integrated into MS array structures.

Alternatively, this issue can be addressed by adopting the
anisotropic configuration of the MS. Accordingly, a recent
study in [15] proposed an ellipse-shaped anisotropic MS,
which achieved twoRCP conversion andCPC bands. Another
single-layer H-shaped cross-pol. converter MS realized
multiband cross-pol. conversion, including Penta RCP and
Octa CPC bands [16]. In [17], two RCP conversion bands
along with a CPC are realized by loading a circular disk
inside the split ring resonator (SRR) structure. Similarly,
another SRR-loaded cross-dipole pattern design is proposed
in [18], which combines multiband reflective polarization
transformation combining CPC and RCP characteristics.
Moreover, a single-layer C-shaped anisotropic unit-cell struc-
ture in [19] is studied for reflective polarization conversion
across C-, X-, and K-bands. There are plenty of other
anisotropic MS structures that have been studied, proposed,
and experimentally verified, to obtain LTL-RCP conversion
and CPC characteristics at multiple frequency bands, such
as, a combination of ring and square elements [20], four
semicircles with different radii on the four sides of the unit
cell [21], a slotted rectangular I-shaped meta-atom [22],
two periodically arranged SRR with a slotted stripe [23],
coupled SRRs unit [24], circular SRR with an inside a
cross shape structure [25], a rectangular slot based circular
ring with an additional partial circle structure [26], and
one diagonal stub along with an annular ring embedded
with a strip [27]. Nonetheless, most reported designs focus
either on increasing the operating bands by employing active
components or multilayer structures. Limited effort has been
made to exploit structural mechanisms to realize orientation-
dependent polarization states.

This work proposes a single-layer hourglass-inspired
anisotropic meta-atom combined with an outer square
ring, which supports multi-resonant coupling, enabling
linear polarization (LP) to LTL-RCP conversion and CPC
(LHCP/RHCP) in eleven bands by keeping the rotation of
the hourglass at 45◦. By adjusting the rotation angle of
an hourglass to 15◦, the proposed MS achieves four CPC
(LHCP/RHCP) bands along with an LTL-RCP conversion

FIGURE 1. Perspective view of the proposed MS array illustrating the
conceptual understandings of polarization conversion functionalities
under +Z -directed incident waves, for (a) θ = 45◦ and (b) θ =15◦ rotated
hourglass.

FIGURE 2. Proposed MS (a) front view, (b) perspective view. The
optimized dimensions are [P = 14, r = 6.7, w = 6, w1 = 0.5, w2 = 0.3,
g = 1, s = 3.5, h =1.6] mm, and θ = 45◦.

band. Compared to previous research, the proposed work
retains advantages such as wideband performance, high
flexibility, multiband operation, and multifunctional charac-
teristics.

II. DESIGN DESCRIPTION
Fig.s 1(a) and 1(b) illustrate the conceptual background
of the achieved multiple polarization conversion bands of
the proposed MS. It is a single-layer anisotropic structure,
comprising an hourglass meta-atom combined with a slotted
resonant ring, printed on the FR4 substrate (εr = 4.3 and
tanδ = 0.025) having a thickness of 1.6 mm and backed by
a ground plane. A comprehensive depiction of the precise
dimensions and geometrical configuration of the proposed
MS is provided in Figures 2(a) and 2(b), respectively.
By changing the rotation angle θ of the hourglass w.r.t the
y-axis, multiple polarization conversion functions can be
realized.

This study evaluates the efficiency of LTL cross-pol.
conversion and CPC in reflection, using the PCR and
AR conditions, with the acceptance criteria of > 90% for
LTL-RCP and ≤ 3 dB of AR for CPC bands. Thereafter,
we define [28];

PCR = (R2xy/(R
2
xy + R2yy) (1)
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AR =

(∣∣Ryy∣∣2 +
∣∣Rxy∣∣2 +

√
q∣∣Ryy∣∣2 +

∣∣Rxy∣∣2 −
√
q

)0.5

(2)

where,

q =

[∣∣Ryy∣∣4 +
∣∣Rxy∣∣4 + 2

∣∣Ryy∣∣2 ∣∣Ryy∣∣2 cos (21ϕxy
)]

(3)

To verify these conditions, full-wave EM simulations are
performed using CST Microwave Studio with y-polarized
incident waves and are assumed to impinge normally from
the +Z -direction. In the following, we denote reflective co-
and cross-components as: Ryy =

∣∣Eyr/Eyi ∣∣, Rxy =
∣∣Exr /Eyi ∣∣.

Therein, Eyr and Exr (Eyi ) are the reflected (incident) E-field
components in the y-direction.

III. DESIGN EVOLUTION METHODOLOGY
Based on the principle of symmetrically decomposed u- and
v-polarized wave components, the efficiency of cross-pol.
conversion reaches its maximum value when the u- and v-
polarized components are aligned 45◦ w.r.t the direction of
the polarization converter surface [28]. Under this condition,
one component undergoes reflection with a 0◦ phase shift,
enabling a high-impedance surface (HIS) behavior. While
the second component reflects with 180◦ phase shift, which
acts as a perfect electric conductor (PEC) [28], [29]. Conse-
quently, cross-pol. rotation (y to x) occurs w.r.t the incident
wave (Ei), thereby leading to the LTL-RCP transformation.
On the other hand, when the magnitudes of reflected decom-
posed components are equal, and their phase difference is
90 degrees [1ϕruv = arg (ϕru) − arg (ϕrv) ≈ 90◦], the Ei is
converted into the circularly polarized reflected wave [28].
It is important to mention that, due to the symmetry

existence in the proposed MS along the u- and v-axis,
the polarization conversion (PC) in reflection responses
remains identical under both x- and y-polarization excitations.
Therefore, for simplicity, only the y-polarized (TE-pol.)
incident response is considered for further analysis.

To validate the above discussion, a circular ring with
diagonally truncated cuts, along with a 45◦ rotated hourglass
is introduced, where each resonator collectively contributes
to generating the multiple PC bands. Retaining multiple
PC bands in a single passive MS design is challenging
because it typically requires a multi-resonant or multilayer
structure [12], [21]. Therefore, an optimized taper design
(forming a complete hourglass when copied in a mirror)
is used to maintain a high-efficiency response of the PC.
Moreover, the polarization transformation across multiple
bands of the proposed surface layer is verified stepwise using
simulated results, as shown in Figures 3(a) - 3(f).
Initially, at Stage-1, a narrow circular ring is considered

based on the following equation; fres =
c0

2πr
√

εeff
[30],

where fres, C0, r , and εeff are the resonance, speed of light,
radius of the ring, and effective permittivity, respectively.
In Figure 3(a), the simulated response of the circular ring
reveals ≤ −10 dB co-polarized (co-pol.) reflection Ryy and
> −1 dB cross-pol. reflection Rxy at 3.03 – 3.28 GHz, and

FIGURE 3. Stepwise simulated EM response of the truncated circular ring,
diagonal strip with truncated circular ring, and proposed hourglass
surface: (a), (c), (e), and (g) co- and cross-pol. reflection results (b), (d),
(f), and (h) correspond to AR and PCR responses.

5.82 – 7.07 GHz.While the Ryy and Rxy components achieved
−3 dB (i.e., |Rxx |2 = |0.707|2 = 0.5 and

∣∣Ryx ∣∣2 = |0.707|2 =

0.5) values at three frequency bands of 2.85 – 2.89 GHz,
3.65 – 4.86 GHz, and 8.40 – 9.72 GHz, suggesting that the
Stage-1 acts as a dual-band LTL-RCP and tri-band circular
pol. converter, as also confirmed by the PCR > 90% and
AR < 3 dB, depicted in Figure 3(b).
In Stage-2, a diagonal strip is inserted with the truncated

circular ring, which results in a dual LTL-RCP conversion at
6.10 – 6.64 GHz, 10.35 – 10.90 GHz, and six CPC bands
at 2.90 – 3.05 GHz, 3.55 – 3.70 GHz, 5.48 – 5.69 GHz,
7.23 – 7.68 GHz, 9.20 – 9.68 GHz, and 11.31 – 11.48 GHz,
as evidenced in Figures 3(c) and 3(d), respectively.
Then in Stage-3, a tapered configuration (usually used

to obtain multiband and wideband response [31], [32]) is
adopted to improve the performance, which results in quad
LTL-RCP conversion at 2.41 – 2.48 GHz, 3.16 – 3.46 GHz,
5.80 – 6.59 GHz, and 11.64 – 13.75 GHz, along with
seven CPC bands at 2.33 – 2.38 GHz, 2.55 – 2.99 GHz,
3.69 – 5.37 GHz, 7.13 – 10.92 GHz, 13.95 – 14.25 GHz,
14.93 – 15.17 GHz, and 15.31 – 15.56 GHz, as shown in
Figures 3(e) and 3(f). Notably in Figure 3(f), the adoption
of taper configuration leads to obtaining wideband and
multiband cross- and circular-pol. responses as compared to
Figure 3(d), and this is exactly what we desired, because such
a response can serve for a communication application where
multiple bands remain of paramount importance.

Next, at Stage-4, the hourglass is rotated (θ) at 15◦ w.r.t
y-axis, altering the phase and magnitude of the reflected
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FIGURE 4. Axial ratio results for (a) 0◦, (b) 15◦, (c) 30◦, (d) 60◦, (e) 75◦,
and (f) 90◦ rotation angles.

components, thereby retaining quad CPC bands at the
frequency range of 2.20 – 2.36 GHz, 2.95 – 8.41 GHz,
10.84 – 12.30 GHz, and 14.84 – 15.06 GHz, along with
an RCP band from 13.71 to 14.64 GHz, as verified in
Figures 3(g) and 3(h). Conclusively, the proposed MS
structure and presence of the dielectric slab (h) with an
air layer (s) introduce additional reflections, resulting in
a multiband response totaling sixteen bands, including
five LTL-RCP conversion bands and eleven CPC bands,
respectively.

IV. WORKING PRINCIPLE
To gain more insight into the physical mechanism behind
LTL-RCP conversion andCPC of the proposedMS,we exam-
ine the incident wave (Ei) decomposition into two orthogonal
u- and v-wave components. This involves only rotating the
hourglass counterclockwise, as shown in Figure 4. As the
hourglass rotates, the conditions required for CPC change
accordingly. The results given in Figures 4(a) – 4(f) reveal
that when the symmetry coincides with the decomposed
u- and v-components axis, the AR appears < 3 dB,
indicating successful CPC phenomena at multiple bands.
Conversely, polarization conversion cannot be achieved when
the symmetry axis is not aligned with the decomposed
u- and v-axes. Conclusively, multiband CPC performance can
be obtained when the symmetry axis of the hourglass MS
coincides with the u- and v-axes, as evidenced at 15◦ and
75◦ in Figures 4(b) and (e), respectively. Further analysis
of Figure 4 reveals that, upon counterclockwise rotation,
the distance from the truncated cut of the circular ring and
hourglass varies, which intuitively alters the relative phase

FIGURE 5. Ei decomposition on the (a) 45◦, (c) 15◦ rotated hourglass MS,
(b) and (d) corresponding reflection magnitudes of the u-
and v-components and their phase difference (1φruv).

FIGURE 6. Ellipticity with axial ratio of (a) 45◦, and (b) 15◦ rotated
hourglass.

and magnitude of the orthogonal field components, leading to
different polarization states. This behavior is consistent with
the results shown in Figure 4, where different rotation angles
yield distinct axial-ratio characteristics. Therefore, the 15◦

orientation of the hourglass is selected to achieve the desired
circular-pol. response.

To further understand the polarization conversion mecha-
nism, we use the u- and v-coordinate system for LTL-RCP
conversion (45◦ rotation) and CPC (15◦ rotation) of the
hourglass models. When Ei impinges on the 45◦ rotated
hourglass MS, it is decomposed into two orthogonal u- and
v-wave components, as interpreted by the following equation:

Ei = û EiuejØiu + v̂ Eivej∅iv (4)

where Eiu and Eiv represent the amplitudes of transmitted
(u-) and reflected (v-) components with the corresponding
phases ∅iu and ∅iv, respectively. The full illustration of the
Ei wave decomposition and its reflections are illustrated in
Figures 5(a) and 5(c), respectively. The collective reflected
components can be expressed as Er = ûruEruej∅ru +

v̂rvErvej∅rv . Here, ruej∅ru and rvej∅rv are the complex reflection
coefficients along u- and v-axes. The Ei decomposition
into u and v and their subsequent reflections from the MS
leads to obtaining one component, 0◦ phase shift (HIS), and
180◦ phase shift to the second component (PEC). Conse-
quently, orthogonal polarization (i.e., 90◦ rotation - LTL-RCP
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FIGURE 7. Surface current distribution on the top-layer (first row) and bottom-layer (second row), at the resonant frequencies:
(a) 2.44 GHz, (b) 3.31 GHz, (c) 6.18 GHz, (d) 13.50 GHz, (e) 13.91 GHz, and (f) 14.39 GHz.

conversion) is achieved. While the equal magnitude of the
decomposed components |ru| = |rv| ≈ 1 and their phase
difference of 90◦ leads to obtaining the CPC phenomenon.
This phase difference usually arises from the orthogonal
anisotropy of the MS, which excites different intrinsic modes
under u- and v-polarized wave incidence.

To validate the above discussion theoretically, the proposed
MS structure is simulated for u- and v-fields compo-
nents. As structural orthogonal anisotropy does exist along
u- and v-axes, thereby remaining independent and providing
different co-pol. reflection response of u and v at the same
frequency. However, FR4 substrates exhibit higher loss,
thereby around 1 dB magnitude of ru and rv is visible in the
Figures. 5(b) and 5(d). More details of Figure 5(b) reveal
that the reflected components’ magnitude satisfies |ru| =

|rv| ≈ 1, while the phase difference (1φruv = |∅ru − ∅rv|)
remains ≈180◦

±35◦ in bands from 2.41 – 2.48 GHz,
3.16 – 3.46 GHz, 5.80 – 6.59 GHz, 11.64 – 13.75 GHz, result-
ing in the LTL-RCP conversion. Additionally, 1φruv ≈ 90◦

(and its odd multiples) are observed in the frequency bands of
2.33 – 2.38 GHz, 2.55 – 2.99 GHz, 3.69 – 5.37 GHz,
7.13 – 10.92 GHz, 13.95 – 14.25 GHz, 14.93 – 15.17 GHz,
and 15.31 – 15.56 GHz, satisfying the condition for the CPC
phenomena. A similar trend of equal magnitudes |ru| =

|rv|, and phase differences of 1φruv ≈180◦
± 35◦ for

RCP and 1φruv ≈ ±90◦ (following an odd multiple)
for the CPC phenomenon, are observed for the 15◦ rotated
hourglass design, as shown in Figure 5(d), wherein the CPC
frequency bands are obtained at 2.20 – 2.36 GHz, 2.95 –
8.41 GHz, 10.84 – 12.30 GHz, and 14.84 – 15.06 GHz,
and RCP conversion from 13.71 to 14.64 GHz. The nature
of the CPC can be quantified using Stokes parameters [33],
given as:

A =
∣∣Ryy∣∣2 +

∣∣Rxy∣∣2 (5)

B =
∣∣Ryy∣∣2 −

∣∣Rxy∣∣2 (6)

C = 2
∣∣Ryy∣∣ ∣∣Rxy∣∣ cos1ϕ (7)

D = 2|Ryy||Rxy|sin1ϕ (8)

The normalized ellipticity (e) can be assessed from
e = D/A relation, where a +1 value denotes the RHCP
and a −1 refers to LHCP conversion. The ellipticity
shown in Figures 6(a) and 6(b) verified that the RHCP
conversion exists in the frequency bands (2.33 – 2.38 GHz,
3.69 – 5.37 GHz, and 15.31 – 15.56 GHz) for 45◦, and
(2.20 – 2.36 GHz, 3.75 – 5.65 GHz) for 15◦ rotated hourglass.
While LHCP lies at (2.55 – 2.99 GHz, 7.13 – 10.92 GHz,
13.95 – 14.25 GHz, and 14.93 – 15.17 GHz) for 45◦, and
(2.95 – 3.12 GHz, 6.64 – 8.41 GHz, 10.84 – 12.30 GHz, and
14.84 – 15.06 GHz) for 15◦ rotated hourglass, respectively.
It is worthmentioning that the generation of both LTL-RCP

conversion and CPC responses is directly associated with the
anisotropic nature of the proposed MS, which formed when
the hourglass rotated at 45◦ or 15◦.WhereinEi interaction and
collective reflection of the orthogonal components (i.e., Eru
and Erv) leads to the generation of different impedances and
phase responses. However, due to their symmetric nature w.r.t
u- and v-coordinates, the response for either y- or x-polarized
(TE- or TM-polarized) Ei will remain the same.

V. CURRENT DISTRIBUTION ANALYSIS
To counter verify the LTL-RCP and CPC characteristics,
a current distribution analysis is carried out for 45◦ and 15◦

rotated hourglass. The surface current distribution on the top
and bottom layers at [2.44 GHz, 3.31 GHz, 6.18 GHz, and
13.50 GHz]45

◦

and [13.91 GHz and 14.39 GHz]15
◦

of the
LTL-RCP conversion is shown in Figure 7 At 2.44 GHz and
3.31 GHz [Figures 7(a) and 7(b)], the surface current on
the top layer is directed downward along the −v-direction,
whereas on the bottom layer, it is opposite to the top layer,
along the v- and u-direction. These out-of-phase currents
lead to a strong magnetic resonance, causing the surface to
function as HIS. In contrast, at 6.18 GHz and 13.50 GHz
[Figures 7(c) and 7(d)], the current directions on the top
and bottom layers remain in phase, thereby achieving a
PEC response. Additionally, at 13.91 GHz and 14.39 GHz
[Figures 7(e) and 7(f)], the out-of-phase current is observed
on both layers, resulting in HIS behavior. Such a collective
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FIGURE 8. Revolving surface current for linear polarization to CP
conversion at different frequencies.

FIGURE 9. Fabricated prototype of the proposed MS: (a) top layer,
(b) bottom layer with assembled configuration.

response of HIS and PEC regarding the proposed MS results
in obtaining LTL-RCP conversion.

Furthermore, to examine the nature of the CPCmechanism
of 45◦ and 15◦ rotated hourglass, the surface current, which
revolves with a quarter period by 90◦ is studied and presented
in Figure 8. The revolving surface current at [2.65 GHz,

FIGURE 10. Adopted measurement setup for (a) co-pol. and (b) cross-pol.
reflection responses.

FIGURE 11. Measured (dotted lines) and simulated (solid lines)
responses of (a) co-and cross-pol. reflection (b) PCR and AR.

7.73 GHz]45
◦

and [10.94]15
◦

is in a clockwise direction,
verifying the existence of LHCP conversion, whereas coun-
terclockwise currents at [3.96 GHz, 15.44 GHz]45

◦

and
[3.75]15

◦

giving birth to the RHCP conversion.
The current distribution analysis indicates that the pro-

posed MS supports two functionalities: CPC and LTL-
RCP conversion. The LTL-RCP responses can also be
mathematically evaluated through the Jones matrix [34]. For
perfect RCP conversion, the following condition must be
satisfied: |Rxx | = |Ryy| ≈ 0, and |Rxy| = |Ryx | ≈ 1. While
for CPC, the reflected components must exhibit

∣∣Ryy∣∣ =∣∣Rxy∣∣ , and ̸ Ryy − ̸ Rxy = ±90◦. In the following, the
relation of co- and cross-pol. reflection can be represented

by
[
Erx
Ery

]
=

[
Rxx Rxy
Ryx Ryy

] [
Eix
Eiy

]
. Based on the simulation

results, the reflection matrix for the RCP conversion band

can be approximated as:
[
0.049 0.938
0.93 0.049

]45◦

≈

[
0 1
1 0

]45◦

and[
0.036 0.91
0.91 0.036

]15◦

≈

[
0 1
1 0

]15◦

.

VI. EXPERIMENTAL VALIDATION
To validate the performance of the proposed MS, a prototype
with 8 × 13-unit cells was fabricated using standard PCB
technology and assembled with air spacers between the
dielectric substrate and metallic backplate, as shown in
Figures 9(a) and 9(b). The overall physical dimensions of the
prototype are 127 × 203.2 × 6.7 mm3. All measurements
were carried out in an anechoic chamber, where a pair of
horn antennas (linearly polarized) connected to a vector
network analyzer (MS4644B) and a sample holder is used,
as shown in Figures 10(a) and 10(b). A far-field distance
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TABLE 1. Proposed multiband MS versus state-of-the-art benchmark designs.

d = 2D2/λ is kept between the horn antennas and
the prototype to ensure uniform plane wave illumination.
Therein, D is the prototype dimension, and λ corresponds
to the highest operating frequency. For the co-pol. and

cross-pol. reflection measurements, we first recorded the
free space reflection measurements from the PEC plate for
calibration, and then subtraction was performed from the
measured results of the MS prototype. While measuring the
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co-pol. reflection (cross-pol. reflection) coefficients, the horn
antennas were positioned parallel (orthogonal) in front of the
proposed MS array to record the resultant reflected waves.

The finalizedmeasured co- and cross-pol. reflection results
of the proposed MS array are plotted in Figure 11(a).
Wherein, the co-pol. reflection Ryy ≤ −10 dB at
2.41 – 2.48 GHz, 3.16 – 3.46 GHz, 5.80 – 6.59 GHz,
11.64 – 13.75 GHz frequency bands, while the corresponding
cross-pol. reflection magnitude is around −1 dB, confirming
that the proposed MS achieved the LTL-RCP conversion.
Furthermore, the same reflection magnitudes of around
3 dB is observed at 2.33 – 2.38 GHz, 2.55 – 2.99 GHz,
3.69 – 5.37GHz, 7.13 – 10.92GHz, 13.95 – 14.25GHz, 14.93
– 15.17 GHz, and 15.31 – 15.56 GHz, validating the CPC
condition. In addition, the measured phase and magnitude
values of the reflected co- and cross-pol. components were
further used to compute the AR and PCR, as plotted in
Figure 11(b). Overall, a good degree of consistency between
measurements and the simulated results is observed; minor
deviations can be attributed to imperfections in fabrication,
misalignment of antennas during measurements, finite array
size of the fabricated MS array, and dielectric constant
tolerances.

Since the 15◦ design is merely a rotated hourglass version
of the same validated unit cell, and no geometrical or
material modification is introduced. Therefore, the measured
45◦ prototype is sufficient to experimentally confirm the
operating principle, while the 15◦ case is rigorously verified
through parametric full-wave EM simulations.

To emphasize the novelty of the proposed MS unit cell, its
performance is compared with that reported in the literature,
as summarized in Table 1. The advantages of the proposed
MS over existing works can be highlighted as follows:

1. It offers more compact footprints than the designs
reported in [13], [14], and [16].

2. It features lower structural complexity than the designs
in [10], [12], [13], and [14], in terms of not incorpo-
rating any active elements while retaining multiband
performance. In addition, compared with [10], [12],
[13], and [14], the proposed MS work includes fewer
substrate layers.

3. While existing designs in [10], [12], [13], [14], [15],
[16], [17], [18], [19], [20], [21], [22], [23], [24], [25],
and [26] achieve multiband RCP conversion and CPC
performance by incorporating PIN diodes or employing
a single-layer multi-resonance structure. However, the
proposed work introduces an additional feature of
orientation-controlled functionalities without altering
the physical geometry of the surface. This feature is
absent in previous studies.

VII. CONCLUSION
This study proposes and experimentally validates an
anisotropic MS, providing multifunctionality including RCP
conversion and CPC responses across multiple frequency
ranges spanning the S-, C-, X-, and Ku-bands. The

proposed work employs a truncated circular ring with
an hourglass structure on a single substrate layer. Both
proposed functionalities (LTL-RCP conversion and CPC)
with different bandwidths and at different frequency bands
from 2.2 to 15.56 GHz are achieved when only the hourglass
structure of the unit cell rotates at 15◦ and 45◦ orientation,
enhancing the MS selectivity and flexibility. To verify both
functionalities, a current distribution analysis is performed
and presented to examine its working principle. Owing to
its flexible multiband and multifunctional capabilities, the
proposed MS work might be considered a strong candidate
for advanced communication systems spanning across the
S-, C-, X-, and Ku-bands. Additionally, its orientation-
controlled feature enables flexible polarization manipulation
without the need for active components, making it attractive
for compact wireless communication and radar applications.

Although the design promises optimal performance pri-
marily under normal incidence conditions. However, its
performance tends to degrade at oblique angles due to the
spatial dispersion effect generated between the air space and
the dielectric substrates [5], [28]. Usually, smaller unit sizes
contribute to overcoming the spatial dispersion effect and
provide better angular stability; therefore, our future research
will emphasize design miniaturization to retain wide angular
stability beyond 60◦ or higher.
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