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Abstract — Herein, a reconfigurable multifunctional
transmission metasurface polarizer, structured with dou-
ble Jerusalem crosses and integrated with four PIN
diodes, is presented. The bottom Jerusalem cross is
rotated by 35° with respect to the top cross. Both
numerical and experimental observations reveal that a
linearly polarized (LP) outgoing wave is transmitted
at approximately 4.0 GHz when subjected to a left-
handed circularly polarized (LCP) or right-handed cir-
cularly polarized (RCP) incident wave. The transmis-
sion efficiency reaches -2.5 dB when all elements are
in the ON state. Furthermore, active control of switch-
able PIN diodes operating in various statuses unequiv-
ocally demonstrates the ability to convert an incident
wave polarized in the x or y direction to a LCP or RCP
wave, respectively, within the identical frequency band,
spanning from 3.6 GHz to 4.3 GHz. This conversion is
achieved with a transmission coefficient of -3.5 dB or
-4.2 dB at the peak frequency. The proposed metasur-
face polarizer presents a potentially dynamic method for
simultaneously manipulating various polarization con-
versions of electromagnetic (EM) waves within a desired
frequency band.

Index Terms — Multifunctional metasurface, polarization
conversion, reconfigurable metasurface polarizer.

L. INTRODUCTION

Polarization, a significant characteristic of electro-
magnetic (EM) waves, plays a crucial role in polariza-
tion imaging, modern communication systems, and radar
technology. Conventionally, manipulating the polariza-
tion state relies on uniaxial crystals, suffering from their
bulky configuration, complex feed systems, and limited
polarization states. In recent years, metasurfaces, artifi-
cial composites consisting of subwavelength scatterers,
have emerged as promising approaches to exhibit strong
EM responses, such as zero refractive index [1]], asym-
metric transmission [2]], and perfect absorption [3], offer-
ing novel EM characteristics beyond natural materials.
Early research focused on passive metasurface polariz-
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ers, utilizing gradual geometry changes or layer rotation
[4-7]. However, these fixed functions and polarization
conversion states do not align with the requirements of
contemporary compact communication systems.

By controlling external excitation, a tunable or
reconfigurable metasurface equipped with active ele-
ments expands the range of possibilities for dynamically
manipulating the polarization responses of EM waves
[8H1O]. For instance, based on the equivalent dipole
polarization theory, Kazemi [[11]] achieved perfect reflec-
tion or refraction in a desired direction with orthogo-
nal polarization. In [12], a circular polarization converter
demonstrated the production of a circularly polarized
(CP) wave with handedness orthogonal to the incident
wave. Notably, the PIN diode, known for its compact
size and controllable properties in the microwave range,
has been shown to integrate into metasurface struc-
tures. In [[13], a circular polarizer produced an outgoing
wave that exhibited circular polarization with orthogo-
nal handedness at dual frequencies. The conversion from
linear-to-circular (LTC) polarization was also success-
fully achieved in reference [14]. However, a limitation
in previous studies was the different operating frequen-
cies for LCP or RCP wave, which restricted their practi-
cal utility. In [15]], an incident wave with x polarization
direction was transformed into LCP or RCP wave within
a frequency range from 9.70 to 9.93 GHz. We propose a
LTC polarizer operating within the same frequency band
using a double-layer metasurface [[L6], providing a lim-
ited yet practical set of polarization conversion functions
at the desired frequency range.

In this paper, a reconfigurable multifunctional trans-
mission metasurface polarizer (MP) depicted in Fig. 1
is proposed, achieving circular-to-linear (CTL) and LTC
polarization conversion by controlling the PIN diode
states at an identical frequency band, which has not been
previously reported. Utilizing the transmission matrix
approach, metasurface unit cell comprised two-layered
Jerusalem crosses incorporated with four active compo-
nents of PIN diodes and three-layered feeding network,
leading to LTC and CTL polarization conversion. Subse-
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Fig. 1. Schematic of the proposed reconfigurable multi-
functional transmission metasurface polarizer.

quently, an 8 x 8-element reconfigurable multifunctional
transmission metasurface polarizer with 256 PIN diodes
and 24 inductances was fabricated. The measured per-
formances demonstrate that the emission of an LP wave
occurs at approximately 4.0 GHz, with a transmission
efficiency of -2.5 dB when all lumped elements are in
the ON state, and the structure is illuminated by either
a LCP or RCP wave. Furthermore, the ability to convert
x-polarized and y-polarized incident waves to LCP and
RCP waves respectively, while maintaining their orthog-
onal handedness within the desired frequency band of
3.6 GHz to 4.3 GHz, is unambiguously demonstrated
with a transmission coefficient of -3.5 dB and -4.2
dB through the active control of the switchable PIN
diodes.

II. RECONFIGURABLE UNIT CELL
DESIGN

A. Unit cell design

Building upon the structural design introduced in
our previous study [16], we present an active and
reconfigurable multifunctional transmission metasurface
polarizer unit cell. By positioning two Jerusalem crosses
and feeding network, we facilitate polarization con-
version within the resonance frequency band through
the distribution of the surface electric field and cross-
coupled magnetic field. The layout of our proposed
design is patterned on Rogers RO4350B substrates as
shown in Fig. 2 (a). The bottom patch exhibits a twist of
35° relative to the top patch, with other geometric dimen-
sions set as follows: p =20 mm, g =1 mm, f = 6.8 mm,
h=6mm, d =3.66 mm, and b = 4.5 mm. All Jerusalem
crosses are constructed using copper sheets. Addition-
ally, we incorporated various metallic biasing lines (0.4
mm) into the substrate, connecting them to the bottom
patch through vertical metallic vias, as illustrated in Figs.

2 (d)-(D.
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Fig. 2. (a) Layout of the MP unit cell with metallic vias
and biasing lines. #; = 0.5 mm, i, = h3 = hy = 0.3 mm,
(b) top patch on upper layer, (c) bottom patch on bottom
layer, and (d)-(f) metallic vias and biasing lines on mid-
dle layer.

In our design, the PIN diodes were chosen as
MA4AGBLP912 fabricated by MACOM [17] which
have ultralow capacitance and series inductance, as well
as slight forward resistance and a suitable geometry, thus
reducing the mutual coupling and parasitic effect on the
structure. The PIN diode can be equivalent to series-
parallel RLC circuit with a series inductance of Ls = 0.5
nH, reverse resistance of Rs = 10 MQ and a 0.02 pF
capacitance in the OFF state. By contrast, a series resis-
tance of Rs = 4 Q is depicted in the equivalent series
RL circuit in the ON state. Four lumped elements with
equivalent circuit parameters were used to model the PIN
diodes by loading them onto a Jerusalem cross over the
bottom layer. The four PIN diodes are described as PIN
I, PIN 11, PIN [II, and PIN IV arranged counterclock-
wise. Table 1 shows variable status of those PIN diodes
controlled individually.



Table 1: Three status controlled individually

Status I All ON
PIN I and PIN /11 OFF
Status II
PIN /I and PIN IV ON
PIN I and PIN /1] ON
Status III
PIN I7 and PIN IV OFF

B. Design principle

To elucidate the EM characteristics of the designed
metasurface unit cell, we consider an incident wave that
illuminates the upper layer of the unit cell, as depicted in
Fig. 3 (a). The top Jerusalem cross patch can be attributed
to C4 ; symmetry with respect to the z axis, pertaining to
the act of rotating an entity by a constant angular mea-
sure of 90° around the z axis during each rotation. This
action has the ability to align the entity precisely with
itself, leading to its unaltered state. All effects associ-
ated with circular dichroism can be observed in such sys-
tems, as explained by [18]]. Consequently, the Jerusalem
cross leads to the dual-frequency transmission of LCP
and RCP waves in response to an incident wave with
circular polarization. Moreover, we observe a pure lin-
early polarized (LP) wave at frequency fy between the
dual frequencies, characterized by an ellipticity of zero,
demonstrating significant optical activity. As a result, the
polarization of E"™ is linear, not only at the frequency of
fo for circularly polarized incident waves but also within
the arbitrary operational frequency range for LP inci-
dences. We define the transmission parameter 77 for the
top layer as follows:
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Fig. 3. (a) EM propagation model and (b)-(f) conceptual
illustration of incident wave propagation under different
status.
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In contrast to upper layer, the Jerusalem crosses
located on the bottom layer undergoes a counterclock-
wise rotation about the z-axis with a value of ¢ = 35°
and is equipped with four PIN diodes. We then introduce
a novel set of coordinates (¥, y') by rotating the existing
(x, y) system by an angle ¢ in xOy plane. The transmis-
sion parameter 7> of the bottom layer can be described
as follows:

T, = |:tx’x’ tx’y’:|

l‘y/ ! l‘y/y/
-l :
_ |:C?S(p —sm(p] T x |:C?S(p —sm(p]7
sing  cos@ sing  cos@
@)

where Tp depicts the transmission matrix of identical
structure of top layer loaded with four PIN diodes,

TP - |:CP DP:| b (3)
and
Loy = m2Ap +mnBp +mnCp + nsz, 4)

by = —mnAp + szp — n2Cp +mnDp, 5)
tyy = —mnAp—nzBp+m2Cp+mnDp, (6)

Lyy = nzAp —mnBp —mnCp + szp, @)

where m = cos¢ and n = sing.
Therefore, the total transmission matrix of the pro-
posed unit cell can be described as:
T;Ufal = T] X T2 = |:Al];1 ﬁ: :| % |:tx/x/ tx/y/ :| . (8)
When all elements are in the ON state, the structure
in second layer also exhibits C4 ; symmetry, and 7p and

T can be expressed as:

l‘y/ ¥ ty/y’

Tp = [ S ] , ©
[ (m*+n?)Ap (m*+n*)Bp
= {_ (m2+n2)Bp (m2+n2)Ap 10

| Ap Bp

-5 )
suggesting a pure LP wave and giant optical activity at
fo for CP incident wave. Furthermore, under Status II
or Status III, the capability to transform linear polariza-
tion into circular polarization within a specific frequency
range is exhibited in Figs. 3 (c)-(f). The intensity of the
transmitted waves can then be associated with the inten-
sity of the incident waves via the transmission matrix
Ty [13].

toy Fityy

T T Toy| 1 | te+ity
cl fo —itye

Ty Ty] 2 ityy |’

(11)
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where the RCP component is indicated by -+, and the
LCP component is denoted by —. In addition, the trans-
formation coefficients T'yy, T_y, T4y, and T_ represent
the conversion abilities of the x- and y-components of
an LP incident wave impinging on a structure. It is
imperative to employ polarization azimuth rotation angle
denoted by 0, ellipticity represented by 1 and polariza-
tion extinction ratio denoted by PER to delineate the
salient features of the emitted wave comprehensively.
The parameters are defined as follows:

0 = [arg (E..) —arg(E_.)] /2, (12)
Bl |E-|
=arctan ——, (13)
1 B+ [E-]
PER = 20log;o (| T«|/ |T-x]) (14)

where the symbol * indicates the x- or y-polarized com-
ponent. When 11 = 0, the emitted wave is considered an
LP wave with rotation angle 6. The PER metric quanti-
fies the disparity between the amplitude of the RCP and
LCP outgoing waves.

If incident wave is CP, then Transmission Jones
matrix T, can be adopted to better intuitionally exhibit
the transformation efficiencies by considering the circu-
lar polarization conversion [18]]:

|y T
7;!0_ |:T_+ T__:| . (15)

C. Simulated results

Based on the previously stated operational prin-
ciple, a finite element method with frequency-domain
solver was utilized in the commercial EM software CST.
Figure 4 shows the transmission characteristics of the
four lumped elements in the ON state. Under this con-
dition, the overall structure is equivalent to a C4 ; asym-
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Fig. 4. Transmission coefficients, polarization azimuth
rotation angle and ellipticity of MP unit cell for CP inci-
dent wave under Status I.
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metric structure. Therefore, a polarization rotation angle
of 8 = —1.68° with n = 0° characteristic is presented
within the frequency range of 3.0-4.0 GHz, indicating a
pure LP emitted wave with a total transmission coeffi-
cient of -2.0 dB from a CP incident wave.

When incidence with x polarization is applied to the
structure in Status II, the numerical results illustrated in
Fig. 5 (a) indicate that the transmission efficiency of the
LCP wave is larger than that of the RCP wave at 3.0-4.5
GHz, whereas the peak intensity of the LCP wave is -2.9
dB at 3.68 GHz, suggesting a prominent LCP emitted
wave with 1 = —5.4° and 6 = —13.4°. By contrast, the
RCP wave is a prominent wave with a transmission effi-
ciency of -3 dB and n = 5.6°,0 = 12.0° at the resonant
frequency if the lumped elements are under Status III, as
illustrated in Fig. 5 (c). Furthermore, once a y-polarized
wave occurs and PIN diodes are arranged with Status II,
the RCP wave is the prominent outgoing wave at a fre-
quency of 3.0-4.5 GHz (Fig. 5 (b)), and the transmission
efficiency reaches a maximum of -4 dB with polariza-
tion azimuth rotation angles of ellipticity 1 = 8.0° and
6 = —16.2° at 4.2 GHz, respectively. Similarly, Fig. 5
(d) shows the LCP polarization conversion from y polar-
ization under the opposing states of the PIN diodes. In
conclusion, the most intriguing performance of the MP
unit cell should be to actively transmit LP emitted waves
from the CP incident wave under Status I and also con-
vert LCP or RCP emitted wave from x- or y-polarized
linear wave using switchable PIN diodes under Status II
and III.
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Fig. 5. Simulated switchable properties of MP unit cell.
Transmission coefficients, polarization azimuth rotation
angle and ellipticity with the PIN diodes under (a) Sta-
tus II for x-polarized wave, (b) Status II for y-polarized
wave, (c) Status III for x-polarized wave, (d) Status III
for y-polarized wave.



To clearly explain the physical mechanism of MP
unit cell, current distributions at an operation frequency
3.68 GHz for x polarization and 4.2 GHz for y polariza-
tion with different PIN diodes states were obtained. As
shown in Fig. 6 (a), once the PIN diodes are controlled
in Status II and x-polarized wave is incident, the strong
surface current (dashed curve) on bottom patch flows
along the metallic arm with the PIN diodes in the ON
state while the surface current (solid curve) on top patch
is concentrated along —x direction at 3.68 GHz, which
can be considered as the primary LCP transmitting wave
along propagating direction. Similarly, the LCP wave is
a prominent transformed wave at 4.2 GHz if the PIN
diodes operate in Status III, and a y-polarized wave illu-
minates the structure in Fig. 6 (e). Moreover, as the cur-
rent distribution is in the opposite direction in Figs. 6
(c) and (d), the overall result is that the RCP wave is

Fig. 6. Surface current distributions of (a) top and bottom
patch, (b) and biasing lines, metallic vias under Status II
for x-polarized wave at 3.68 GHz, (c) top and bottom
patch under Status II for y-polarized wave at 4.2 GHz,
(d) top and bottom patch under Status III for x-polarized
wave at 3.68 GHz, (e) top and bottom patch, (f) and bias-
ing lines, metallic vias under Status III for y-polarized
wave at 4.2 GHz.
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the prominent emitted wave at the operating frequency.
Note that the equivalent rotation angles are 125° in Fig.
6 (a) and 145° in Fig. 6 (d), providing different x and y
components respectively, and generating different trans-
mittance for the same incident wave with x polarization
under Status II and Status III. Obviously, the small dif-
ference between x- and y-polarized incidence arises from
the effects generated by the asymmetric feeding network.
For example, when the incident wave is x-polarized, the
surface currents (J,, J3, J4) are mainly located on the
biasing lines and can be combined into a black arrow,
as shown in Fig. 6 (b). In this case, the synthetic current
Jo can be considered equivalent to an reversed current
and counteract the surface currents J4 flowing along the
arm where PIN I and PIN III are OFF. Thus the feed-
ing network has minimal impact on the polarization con-
version. For y-polarized incidence, the equivalent current
(J2,J3) in biasing lines flows along +y direction at 4.2
GHz in Fig. 6 (f), which is contrary to the surface cur-
rent on top patch, leading to a weakness in the transmit-
tance of y-polarized incident wave under Status III. The
manipulation of incident waves with different polariza-
tions within an identical frequency range was realized
by dynamically controlling the states of four PIN diodes,
distinguishing the proposed design from other polarizers.

III. METASURFACE DESIGN AND
PERFORMANCE

In the experiment, the proposed MP prototype com-
prising 8x8 unit cells was simulated, fabricated, and
measured, as shown in Figs. 7 (b) and (c). Simultane-
ously, 256 PIN diodes connected to a DC bias layer net-
work were demonstrated. Connectivity between the PIN
diodes and bias lines was achieved by a large inductance
of 16 nH, eliminating RF/DC decoupling and provid-
ing the desired isolation in the operation frequency band.
The stabilized power supply of Keithley 2231A equipped
with three channels in series with 10 Q resistances pro-
vides 1.35 V voltage for each element in the ON state
with a forward current of 10 mA. Applying the far-
field system, the vector network analyzer of AGILENT
N5247A was employed and two identical horn anten-
nas with x and y polarization states were utilized as the
transmitter and receiver, as shown in Fig. 7 (a). During
measurement, the MP was positioned at the center of the
transmitting and receiving antennas with the surrounding
microwave absorbing materials to reduce the reflected
and diffraction waves. The measurement process com-
prises distinct components that entail using the same
polarization and orthogonal polarization techniques in
conjunction with transmitting and receiving antennas
operating in three distinct PIN diode statuses, ultimately
yielding co-polarized and cross-polarized coefficients.
Thereafter, the transmission coefficients of LCP and
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Fig. 7. (a) Measurement system, (b) top view, and (c) and
bottom view of the fabricated reconfigurable multifunc-
tional transmission metasurface polarizer.

RCP emitted waves were computed using the transmis-
sion matrix.

The measured and simulated scattering parameters
of CP incident wave are presented in Fig. 8. By control-
ling the PIN diodes under Status I, the magnitudes of
the LCP and RCP waves are almost identical, demon-
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Fig. 8. Measured (solid) and simulated (dashed) proper-
ties of the proposed MP under Status I for CP wave.
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strating an LP emitted wave in the vicinity of 4.0 GHz
with a total transmission coefficient vale of -2.5 dB and
almost zero ellipticity in Fig. 10 (b). Furthermore, the
LCP wave is the primary outgoing wave numerically and
experimentally within the frequency of 3.6-4.1 GHz for
the x-polarized incident wave when lumped elements are
in Status II. The measured transmission coefficient is
above -5 dB within frequency coverage, reaches a max-
imum of -3.5 dB at 3.74 GHz, and overlaps with the
simulated result, as described in Fig. 9 (a). Similarly,
the transmittance of RCP wave is observed to be -3.7
dB at 4.0 GHz in Fig. 9 (c) and larger than the LCP
wave from 3.6 GHz to 4.1 GHz for x-polarized inci-
dent wave when PIN diodes are switched to opposite
states. For y-polarized incidence, the measured transmis-
sion coefficients of RCP and LCP components in Status
II reach -4.0 dB and -7.0 dB at 4.1 GHz, respectively,
as depicted in Fig. 9 (b). Therefore, RCP is the major
component within the operational frequency band rang-
ing from 3.95 GHz to 4.3 GHz. Furthermore, the mea-
sured transmission coefficient of LCP is -4.2 dB at a
peak frequency of 4.0 GHz once the sample is operating
in Status III, suggesting that the LCP wave is the out-
going wave. Further, when the frequency increases from
3.86 to 4.24 GHz, the transmission coefficient of the LCP
component is above -5 dB, larger than that of the RCP
component in Fig. 9 (d). Consequently, the measured
results of the fabricated MP operating in various biasing
states agreed well with the simulated results. Figure 10
presents the measured ellipticity of the MP. The discrep-
ancy between Status II and Status III for an equivalent
normal incidence arises from an incompletely symmetri-
cal structure and feeding network, as well as the loss of
PIN diodes. Furthermore, it has been observed that the
measured outcome at low frequencies yields unsatisfac-
tory results for both LCP and RCP transmitted waves.
This is due to errors resulting from fabrication errors on
the surface, as well as a relatively wide beam width in
the y component at low frequencies generated by horn
antennas.

Table 2 presents a comparison with previously
reported CTL and LTC polarization converters. Here,
the LTC polarization converters are not reconfigurable
and are under x- or y- polarized incident wave in [19~
[21]]. Both LP and CP waves can be converted into cross-
polarization waves; however, they are reflective metasur-
face polarizers [22]]. Most reported metasurface polariz-
ers can only achieve a few types of polarization conver-
sion and operate under dual separate frequency bands. It
can be concluded that the proposed design is compact in
terms of volume and profile. Meanwhile, the proposed
multifunctional transmission metasurface structure can
achieve various polarization reconfigurability for both
LP and CP incident waves, and it features the identi-



paR o
F 32" e RPNPEU N
e A
E *" K K ¢ * *Q °
<) by * L ‘&
=) N
g
E-101
§ —=— Mea. t, (Status II)
= —e- - Sim. t (Status IT)
—+- - Sim. t, (Status IT) ‘
-15 ‘ —
3.5 4.0 4.5
Frequency (GHz)
_5,
)
Z-10
=
8 /
é ~154 ,”‘ “‘ —*  Mea. t (Status II)
é e ~ —=— Mea. t, (Status II)
=gy v —e- Sim. t (Status )
—* Sim. t, (Status II)
=25 ‘ ‘
4.0 4.5
Frequency (GHz)
(b)
> g
75 - ‘
I e
= o, " S
'% A T (‘n‘\ \ *
= y LAANLT SN A
£ —10|—*— Mé&s¢t (Status [IIt (o o ¢+, ‘\*
w ’ Y ° s X
g —=— Mea. t, (Status 1)) 4" ::
= —e Sim. t (Status IT)
—+- - Sim. t, (Status III)
-15 ‘ ‘
3.5 4.0 4.5
Frequency (GHz)
75 4
S -10-
c
g
g —15+
= ——Mea t(StatusllI)
= iy ——Mea. t,(StatusI1I)
—e- -Sim. t,(Status11I)
—*- =Sim. t,,(Status11I)
-25 T :
4.0 4.5
Frequency (GHz)
(d)

Fig. 9. Measured (solid) and simulated (dashed) prop-
erties of the proposed MP under (a) Status II for x-
polarized wave, (b) Status II for y-polarized wave, (c)
Status III for x-polarized wave and (d) Status III for y-
polarized wave.
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Table 2: Comparisons with previous literatures

Refs Thickness| Reconfig- | Polarization |Frequency |Efficiency
) A) urability | conversion (GHz) (dB)
. y-pol. to RCP 20 -0.1
uor| - 007 No 1) poLtoLCP| 30 0.6
. x-pol. to RCP | 20.1-21.7 -1.25
201 013 No 1y pol. to LCP | 29.4-31.4 -1
. LPtoRCP | 19.7-20.2 -0.61
21 0.53 No LP to LCP 29.5-30 -0.61
LP/CP to
[22] 0.10 Yes orthogonal LP| 7.4-12 -1
/CP
. LP to
23] 0.28 Yes orthogonal LP 9.7 -0.5
CPtoLP
This x-pol. to RCP/ -2.5
e | 002 Yes LCP 3.6-4.3 3.5
y-pol. to RCP/ -4.2
LCP

cal operation frequency band. Further investigations are
aimed at reducing the loss and improving the transmis-
sion efficiency.

IV. CONCLUSION

Herein, a type of dynamically reconfigurable mul-
tifunctional transmission metasurface polarizer that can
simultaneously manipulate the polarization conversion
of linear or circular incident waves within an identical
operation frequency range of 3.6-4.3 GHz with switch-
able PIN diodes was designed, fabricated, and measured.
First, we designed a unit cell and illustrated how the
structure interacted with the EM waves in terms of cur-
rent distributions. Subsequently, we revealed that the LP
emitted wave is observed in the vicinity of 4.0 GHz
through the MP with a total transmission coefficient of -
2.5 dB for CP incidence operating in Status I. Moreover,
an incident wave in x-polarization or y-polarization was
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simultaneously transformed into left- and right-handed
circular polarization in the case of different PIN diodes
states within the desired frequency band of 3.6-4.3 GHz,
where transmission coefficients of approximately -3.5
and -4.2 dB, respectively, are achieved at peak frequency.
This reconfigurable multifunctional transmission meta-
surface polarizer operating in an identical resonant fre-
quency band provides an innovative and active approach
for EM applications.
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