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ABSTRACT: This article proposes a novel polarization-reconfigurable metasurface converter with multi-functional operation capabilities
for flexible polarization manipulation of electromagnetic waves. By integrating PIN diodes into a strategically designed unit cell, the
converter achieves dynamic switching among all fundamental polarization conversion modes, including linear-to-linear (co- and cross-
polarization), circular-to-circular (co- and cross-polarization), linear to circular polarization (LP-CP), and circular to linear polarization
(CP-LP) conversions under both linearly and circularly polarized incidence. When the diodes are switched ON, the structure performs
linear-to-cross-linear polarization conversion in the 9.5-16.4 GHz band and circular-to-co-circular polarization conversion in the 9.3—
16.6 GHz band. Dual-band LP-CP and CP-LP conversions are attained in the 8.0-9.3/16.6—17.7 GHz and 8.1-9.4/16.8—17.9 GHz bands,
respectively. When the diodes are OFF, the converter maintains co-polarized reflection under linearly polarized (LP) wave incidence,
while reversing the handedness of the incident circularly polarized (CP) wave. Both full-wave simulations and experimental measure-
ments demonstrate consistent performance across a broad bandwidth. This work provides a versatile and efficient solution for modern
wireless communication and radar systems requiring adaptive polarization control.

1. INTRODUCTION

olarization converters are of critical importance in radar and

wireless communication systems. Conventional polariza-
tion conversion schemes typically rely on birefringent crys-
tals or ferrite-based devices, which often suffer from large vol-
ume, difficulties in integration, and high losses [1,2]. Meta-
surfaces, as two-dimensional artificial metamaterials, enable
flexible manipulation of the amplitude, phase, and polarization
properties of electromagnetic waves, offering a novel approach
to polarization conversion [3—8]. Currently, metasurface-based
polarization converters can be broadly categorized into two
types: linear to orthogonal linear polarization (LP-OLP) and
linear to circular polarization (LP-CP) [9-19]. However, most
current designs remain passive and inherently static, which lim-
its their deployment in modern systems requiring dynamic con-
trol capabilities.

To overcome this limitation, various reconfigurable polar-
ization converters have been proposed [20-28]. Refs. [20-
22] introduced a design capable of switching between LP-OLP
and no conversion state. Ref. [23] demonstrated switchable
LP-OLP and LP-CP states. To extend the operational band-
width, Ref. [24] proposed a symmetric L-shaped patch meta-
surface unit, exciting multiple resonant modes to achieve ultra-
wideband polarization control. Refs. [25,26] realized LP-CP
and dual-band LP-OLP conversion. Recently, [27] proposed a
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converter capable of switching among three modes (LP-OLP,
LP-CP, and no conversion state). Despite these advancements,
a critical limitation persists in most of these reconfigurable
metasurfaces: they can only perform efficient polarization con-
version under a single type of polarization incidence (typically
linear). This significantly restricts their flexibility and adapt-
ability in practical applications where the incident polarization
state may be unknown or varying. Although the structure pre-
sented in Ref. [28] can achieve both co- and cross-polarized
conversion for circularly polarized (CP) and linearly polarized
(LP) incident waves, it still exhibits a limited operating band-
width and supports merely two conversion modes. These short-
comings highlight a growing demand for broadband, multi-
mode, and dynamically tunable polarization converters in next-
generation wireless applications [29, 30].

In this paper, we propose a broadband reconfigurable po-
larization converter (BRPC) that addresses the aforementioned
limitations by offering versatile functionality under both LP
and CP incidence. The key advance of our design is its abil-
ity to dynamically switch among all fundamental polarization
conversion states — including linear-to-linear (co- and cross-
polarization), circular-to-circular (co- and cross-polarization),
linear-to-circular (LP-CP), and circular-to-linear (CP-LP) con-
versions — depending on the bias state of the integrated PIN
diodes. To experimentally validate the performance of the pro-
posed metasurface structure, a prototype was fabricated and
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FIGURE 1. (a) Functional schematic of a reflective BRPC. (b) Top view of the unit cell. (c) Perspective view of the unit cell.
characterized, with measurement results showing good agree- follows:
ment with numerical simulations. Furthermore, the converter '
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2. THEORETICAL ANALYSIS AND DESIGN

To realize a fully functional reconfigurable polarization con-
verter, it is essential to analyze its operating principle, which
provides the theoretical basis for the subsequent design. As il-
lustrated in Fig. 1, the metasurface can dynamically reconfigure
the polarization state of the reflected wave across all possible
linear and circular polarizations — regardless of whether the
incident wave is linearly or circularly polarized — by switch-
ing the bias states of the PIN diodes. Taking, for example, a
y-direction linearly polarized incident wave (Fig. 1(b)), it can
be resolved into two orthogonal components along the u- and
v-axes, which are oriented at +45° relative to the +y direction,
respectively. Accordingly, the x-polarized electric field of the
incident wave can be expressed as:

By = (\f/2) (Eoe?™ 0 + Boe** ) . (1)

The electric field of the reflected wave can be expressed as

= (\/5/2> (EO | =R+ Pw)

+Eo [rou| e—““*%")?) @)

where |ry,,| and |r,,| denote the reflection amplitudes under u-
and v-polarized excitations, and ¢, @, represent the corre-
sponding phases, respectively.

According to Eq. (2), when the phase difference Ay =
Puu — Puv equals 0°, £90°, or 180° and both |r,,| and |7y, |
are close to 1, the reflected wave can be further expressed as
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Eq. (3) indicates that when the phase difference Ay equals
0°, co-polarized maintenance is achieved under y-polarized in-
cidence; when Ay equals 90°, the reflected wave under y-
polarized incidence is converted to an right-hand circularly po-
larized (RCP) wave; when A equals —90°, the reflected wave
under y-polarized incidence is converted to an left-hand cir-
cularly polarized (LCP) wave; and when the phase difference
A equals 180°, the y-polarized incident wave is converted
to cross-polarization. Similarly, analogous conclusions can be
drawn for z-polarized incident waves.

Furthermore, assuming an RCP incident wave propagating
along the —z direction, its electric field can be decomposed into
two linearly polarized components with equal amplitude and a
90° phase difference:

o= (\/5/2) (Eoe?™* T + jEoe’** 7). o
Similarly, the reflected electric field is expressed as:
(V2Eo/2) (W + j V) e 7% Ap=0°
— ) (V2Eo/2) (W + ) e 7% Ap=90° )
T (V2Ey/2) (7 7 Je Ik Ap = —90°
(ﬂEO/Z) ( Ye IRz Ap = 180°

Eq. (5) indicates that when the phase difference Ap equals
0°, the spin state of the reflected wave under RCP incidence
is reversed, resulting in LCP waves due to the reversal of the
propagation direction of the reflected wave. When Ay equals
90°, the reflected wave under RCP incidence is converted to
a y-polarized wave. When Ay equals —90°, the reflected
wave under RCP incidence is converted to an z-polarized wave.
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FIGURE 2. Reflection amplitudes and phase difference for the u- and v-polarized incident wave with the PIN diode in the (a) ON state and (b) OFF

state.

When the phase difference Ag equals 180°, although the phase
in the v-direction advances, the polarization of the reflected
wave remains unchanged, again owing to the reversal of the
propagation direction. Similarly, analogous conclusions can
be drawn for LCP incident waves. Thus, for an LP inci-
dent wave, the metasurface enables conversion to co-polarized,
cross-polarized, and CP states. Similarly, for a CP incident
wave, it facilitates conversion to co-polarized, cross-polarized,
and LP states.

The proposed wideband reconfigurable polarization con-
verter, designed based on the above theoretical principles, is
depicted in Fig. 1(c). The architecture consists of three metal-
lic layers separated by dielectric substrates. On the top layer,
two arrow-headed patches are arranged symmetrically along
the unit cell’s diagonal, incorporating two slots aligned with
the u-direction. PIN diodes are mounted across these slots and
electrically connected to the top metal patterns. The middle
layer serves as a solid metal ground plane, providing complete
reflection of incident waves. A DC bias network is integrated
on the bottom layer to control the PIN diodes. The dielectric
substrate is made of FR4 material with a relative permittivity
of 4.4 and a loss tangent of 0.02. After structural optimization,
the final geometric parameters of the unit cell are determined
as follows: h; = 4mm, ho = 0.8 mm, P = 9mm, /; = 6 mm,
lo = 1mm, I3 = 0.5mm, w = 0.3mm, g = 0.9 mm, o = 60°.
As illustrated in Fig. 1(b), h; denotes the thickness of the up-
per dielectric substrate; ho represents the thickness of the lower
dielectric substrate; P is the periodicity of the unit cell; /1 corre-
sponds to the length of the metal arrow-head patch; [ indicates
the length of the arrow-tail segment; w defines the width of the
metal pattern; g refers to the gap length between adjacent struc-
tures; and « signifies the angle between the arrow tail and the
main body. The PIN diodes used are the SMP1320-079LF from
Skyworks.

3. SIMULATION AND ANALYSIS

To validate whether the designed metasurface satisfies the theo-
retical performance targets, electromagnetic simulations of the
BRPC were carried out in CST Microwave Studio. Unit cell
boundary conditions were applied along the x- and y-directions,
while a Floquet port was used to excite the structure in the z-
direction. The simulated reflection amplitudes and phase dif-
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ferences in the uv-coordinate system are presented. When the
diodes are in the ON state, the results in Fig. 2(a) show that |r,,,|
and |r,,| are nearly unity across the operating band, indicat-
ing low loss in the PCM. The phase difference approaches 90°
in the 8.5-9.3 GHz and 16.6-17.7 GHz bands, yielding well-
performing circularly polarized reflection. Additionally, the
phase difference nears 180° at 9.5-16.4 GHz, achieving ideal
cross-polarization conversion. When the diodes are in OFF
state, as shown in Fig. 2(b), |ryu.| and |r,,| remain close to
1, but the phase difference is approximately 0° throughout the
simulated band, resulting in perfect co-polarized conversion.

The reflection coefficients for y-polarized LP and RCP inci-
dent waves on the reference plane are defined as follows:

= Eyy/Eiy, o/ Eiy (6)
E.r/Eir, 7ir=E,/Eir 7

where r,,, and 7, denote the co-polarized and cross-polarized
reflection coefficients under y-polarized incidence, where E,.,
and FE,, represent the reflected y- and x-polarized electric
fields, respectively, and I, is the incident y-polarized electric
field. Similarly, rgrr and rpr correspond to the co-polarized
and cross-polarized reflection coefficients under RCP inci-
dence; E,r and F,, refer to the reflected RCP and LCP elec-
tric fields, respectively, while E;p signifies the incident RCP
electric field.

The polarization conversion ratio (PCR), defined as PCR =
r2,/(r2, + r2,), quantifies the effectiveness of polarization
conversion. For y-polarized incident waves, the efficiency of
circular polarization conversion is evaluated using the axial ra-
tio (AR), given by:

2 2 1/2
. (m + Iry| +¢a>

2 2
[ray|” + [ryy|” — Va

Tyy Toy =

TRR =

®)

where

4 4 2 2
a:|rwy| +|7"yy| +2|Twy| |Tyy| cos(2Ayp).

)

When PIN diodes are in the ON state, the amplitudes and
phase differences of the co-polarized and cross-polarization
reflections under y-polarized incident waves are shown in
Fig. 3(a). It is observed that rg, is greater than —1dB in
the range of 9.5-16.4 GHz, while r,, is below —13dB, in-
dicating that the y-polarized incident wave is largely con-
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FIGURE 3. Numerical and measurement results: (a) y-polarized wave in the ON state; (b) RCP wave in the ON state; (c) y-polarized wave in the

OFF state; (d) RCP wave in the OFF state.

verted to a cross-polarization reflection. Simultaneously, in the
8.0-9.3 GHz and 16.6—-17.7 GHz bands, the reflection coeffi-
cients r,, and r,, are equal, and the phase difference Ay =
Yy — Pyy 1s approximately 90°, signifying that the converter
achieves LP-CP conversion. Fig. 3(b) illustrates the simulated
reflection amplitude and phase under RCP wave excitation.
The results exhibit a notable similarity to those obtained un-
der y-polarized wave excitation. Within the frequency range
of 9.3-16.6 GHz, the reflected wave maintains a co-polarized
state. Furthermore, Within the frequency bands of 8.4-9.1 GHz
and 16.8-17.6 GHz, the incident and reflected waves exhibit
equal amplitude and a 180° phase difference. As a result, they
combine to form an LP wave, achieving CP-LP conversion.

When PIN diodes are in the OFF state, the simulated reflec-
tion amplitudes under y-polarized and RCP wave excitation are
presented in Figs. 3(c) and 3(d), respectively. It can be observed
that within the frequency range of 1 to 25 GHz, r,, is greater
than —1dB, while r,, remains below —11dB. This indicates
that the y-polarized incident wave is predominantly converted
to a co-polarized reflected wave. Similarly, 7, exceeds —1 dB
within both the 1-14 GHz and 17-25 GHz bands, indicating
that the incident RCP wave is converted to an LCP wave upon
reflection. Owing to the structural symmetry along the u-axis,
the simulated results are identical for both x- and y-polarized
incidences, as well as for LCP and RCP excitations.

Figures 4(a) and (b) present the simulated cross-polarization
reflection coefficient r,, when the PIN diodes are switched
ON, and the co-polarization reflection coefficient r,,, when the
diodes are OFF, respectively, as functions of the parameter [;.
It can be observed that increasing the dimension /; enhances the
conversion efficiency; however, this is accompanied by a grad-
ual reduction in operating bandwidth. After a comprehensive
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parameter sweep and optimization process, [; was ultimately
determined to be 6 mm. Furthermore, Figs. 4(c) and (d) dis-
play the corresponding variations in r,, and r,, with respect
to the parameter w. A clear optimum for efficiency is evident
at w = 0.3mm. Considering this performance peak alongside
practical fabrication constraints, w was consequently finalized
at 0.3 mm.

To validate the angular stability of the proposed structure,
Fig. 5(a) presents the simulated PCR under y-polarized wave
incidence at angles of 0°, 15°, and 30° when the PIN diodes
are in the ON state. The PCR exceeds 90% within the 9.6—
16.3 GHz frequency range. Furthermore, it can be observed that
the PCR for LP-OLP conversion is insensitive to the oblique
incidence angle — even when the angle of incidence increases
to 30°, the bandwidth over which the PCR exceeds 90% re-
mains largely unchanged. The calculated AR under y-polarized
wave is shown in Fig. 5(b). The results demonstrate that the
AR remains below 3 dB across two broad frequency bands, 8—
9.3 GHz and 16.6—17.7 GHz. The AR also exhibits stability un-
der various incidence angles, indicating relatively high angular
stability of the BRPC.

Correspondingly, the PCR under RCP wave incidence is
shown in Fig. 5(c). Similarly, the PCR remains stable under
different angles of wave incidence. From Fig. 5(d), it can be
observed that the AR exceeds 20 dB within the frequency bands
of 8.1-9.4 GHz and 16.8-17.9 GHz, indicating that the power
density of the larger LP component significantly exceeds that
of the smaller LP component [31]. Thus, the reflected wave
can be regarded as LP, confirming the achievement of CP-LP
conversion. The angular stability of the BRPC primarily arises
from the subwavelength design and the electrically thin profile
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of the unit cell, which avoids introducing significant additional
phase accumulation under oblique incidence.

Figure 6 displays the current density distributions in the ON
state of the diodes at resonant frequencies of 9 GHz, 14.4 GHz,
15.6 GHz, and 17.2 GHz. As depicted in Fig. 6(a), at 9 GHz,
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the equivalent currents (indicated by red arrows) in the first
and second sections flow along two orthogonal diagonal di-
rections, giving rise to a CP reflected wave. In Fig. 6(b), at

14.4 GHz along the v-direction.
is observed between the top 1

, anti-parallel current alignment
ayer (red arrows) and the bot-
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tom layer (black arrows), exciting a magnetic dipole resonance
along the u-direction. This resonance significantly enhances
the equivalent permeability for the u-component of the electric
field, resulting in a high-impedance surface that introduces a
180° phase reversal in the reflected u-polarized electric field
relative to the incident wave. By contrast, no resonant behav-
ior occurs along the v-direction, where the v-polarized reflec-
tion remains in-phase with the incident field. Consequently, the
overall reflected wave at 14.4 GHz becomes z-polarized. Sim-
ilarly, cross-polarized and circularly polarized reflections are
achieved at 15.6 GHz and 17.2 GHz, respectively.

To further elucidate the mechanism underlying electromag-
netic wave manipulation in the proposed structure, an equiva-
lent circuit model is developed for the active metasurface. In
this model, the inter-patch gaps are represented as capacitive
elements, whereas the metallic patches are characterized as in-
ductive components, as shown in Fig. 1(c). The derived equiv-
alent circuit, shown in Fig. 7, reveals that the reflection coefti-
cient can be dynamically tuned by altering the switching states
of the integrated PIN diodes. In ADS software, the equivalent
circuit shown in Fig. 7 was constructed, and the component val-
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ues of each circuit element were obtained by fitting the electro-
magnetic simulation curves from CST software, as illustrated
in the figure.

Figure 8 shows the comparison of reflection coefficients be-
tween the equivalent circuit and CST full-wave simulation re-
sults. Fig. 8(a) presents the reflection coefficients when the
diode is in the ON state, while Fig. 8(b) displays the results
when the diode is in the OFF-state. The close agreement
between the two sets of results validates that controlling the
diode states can effectively modulate the reflection coefficients,
thereby enabling the polarization conversion functionality.

4. FABRICATION AND MEASUREMENT

To validate the simulation results, a prototype consisting of 16 x
16 unit cells was manufactured via printed circuit board (PCB)
technology and subjected to performance measurement. The
overall dimensions of the sample measure 144 mm x 144 mm x
4.8 mm, as illustrated in Fig. 9(a). The DC bias lines, etched
on the back side of the board as shown in Fig. 9(b), form the
foundation of the biasing network. To ensure effective RF-DC
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TABLE 1. Comparison with previous works.

Ref. IP | PCP RB (GHz) AS (°)

[23] LP i) Cross-Pol. | 1) 10.5-13.9(27.9%)/17.7-27.2(42.3%) N/A
i) LP-CP ii) 11.8-24.1(68.5%)

[26] LP i) Cross-Pol. | 1) 7.30-8.90(19.7%)/19.40-24.92(24.8%)/8.9-13.22(37.5%) N/A
ii) LP-CP ii) 9.79-17.42(55.8%)/7.60-8.30(8.8%)/14.71-16.83(13.3%)

[27] LP i) Cross-Pol. | 1) 3.77-6.20(48.8%) 10
ii) LP-CP i) 5.2-6.1(16%)/7.75-8.6(10.4%)
iii) Co-Pol. iii) 2-3.66(58.7%)/8.42-9.52(13.3%)

[28] LP/CP | i) Co-Pol. 7.4-12(47.4%) for CP and LP. 20
ii) Cross-Pol.

This work | LP/CP | i) Cross-Pol. | i) 9.5-16.4(53.3%) for LP; 1-14(173.3%) and 17-25(38.1%) for CP. 30

ii) Co-Pol. ii) 1-25(184.6%) for LP; 9.3—-16.6(56.3%) for CP.
iii) LP-CP iii) 8.0-9.3(15.0%)/16.6—17.7(6.4%)
iv) CP-LP iv) 8.1-9.4(14.8%)/16.8-17.9(6.3%)

IP: Incident Polarization, PCP: Polarization Conversion Property,
RB: Relative Bandwidth of PCR > 0.9 or AR < 3 dB. AS: Angular Stability.

Emitter

<
<

Receiver

Absorber

FIGURE 9. Fabricated sample of BRPC. (a) Top layer, (b) biasing ar-
rangement of bottom layer, and (c) schematic diagram for measure-
ment setup.

isolation, this design incorporates radial stub filters at the crit-
ical connection points on the bottom layer. These strategically
placed filters effectively suppress high-frequency signal leak-
age into the DC paths, thus preserving the system’s RF per-
formance while maintaining precise bias control through the
implemented AC/DC isolation techniques. A schematic of the
measurement setup is illustrated in Fig. 9(c). To minimize in-
terference from scattered electromagnetic waves, the area sur-
rounding the sample was covered with absorbing material. Due
to the broadband characteristics of the proposed structure, two
sets of horn antennas were utilized during the experiment, cov-
ering frequency bands of 1-18 GHz and 18-26 GHz, with max-
imum gains of 14 dBi and 20 dBi, respectively. To ensure that
the sample was located in the far-field region of the horn an-
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tennas, the far-field condition R = 2D? /) was applied. By in-
corporating the electrical size of the sample and the operating
wavelength, the maximum required distance R was calculated
to be 4.8 m. In the experiment, the distance between the sample
and the horn antenna was set to 5 m. Meanwhile, the reflection
coefficient of an equal-sized metal plate was measured to nor-
malize the reflection coefficient of the metasurface.

Figure 3 shows the measured reflection coefficients of the
PIN diode under two states (ON/OFF) for both LP and CP inci-
dent waves. When all diodes are in the ON state, the designed
sample under y-polarized LP wave excitation exhibits a reflec-
tion coefficient greater than —1 dB within the frequency range
of 9.4-16.5 GHz, achieving cross-polarization conversion. In
the frequency bands of 8.0-9.2 GHz and 16.7-17.6 GHz, nearly
equal amplitude is observed, enabling LP-CP conversion. Sim-
ilarly, under RCP wave incidence, the sample maintains co-
polarized conversion from 9.5-16.2 GHz, while CP-LP conver-
sion is accomplished in the ranges of 8.5-9.4 GHz and 16.5-
17.3 GHz.

In contrast, when all diodes are switched to the OFF state,
the sample functions as a co-polarization converter under
y-polarized LP wave excitation across the entire 1-25 GHz
band. Under RCP incidence, it operates as a cross-polarization
converter in the frequency ranges of 1-13.8 GHz and 17.2—
25GHz. The experimental results show strong consistency
with the simulated data, confirming the feasibility of the
polarization-reconfigurable conversion strategy presented in
this work. Slight deviations observed between the two are
mainly due to fabrication and measurement tolerances.

Table 1 presents a comprehensive performance comparison
between the proposed converter and prior works. This com-
parison reveals that our design achieves a superior integration
of functionality, bandwidth, and angular stability. While most
predecessors are limited to LP incidence and fewer functional
modes, our device operates effectively under both LP and CP
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waves, providing four distinct switching states. More notably,
it exhibits wideband responses while simultaneously maintain-
ing robust performance under oblique incidence up to 30°, a
significant improvement in angular stability over existing so-
lutions. This combination of multi-polarization incidence sup-
port, diverse functionality, wide bandwidth, and excellent an-
gular stability underscores the practical superiority of our de-
sign.

5. CONCLUSION

In summary, a fully functional BRPC has been developed us-
ing an active metasurface integrated with PIN diodes. A key
achievement of this work is the demonstration of full polar-
ization manipulation under both linear and circular polarized
incidence. When the diodes are switched ON, an LP incident
wave is converted to a CP reflected wave in the 8.0-9.3 GHz
and 16.6—17.7 GHz bands, and to a cross-polarized wave in the
9.5-16.4 GHz band. Correspondingly, under CP incidence, LP
and co-polarized reflected waves are obtained within the simi-
lar bands, with an effective bandwidth comparable to that under
LP excitation. When the diodes are switched OFF, the polariza-
tion of an LP wave remains unchanged, while the handedness
of an incident CP wave is reversed. Measured results closely
match the simulated performance, validating the feasibility of
the proposed BRPC and supporting its potential use in wireless
communication systems.
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