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High-efficiency modulation of broadband
polarization conversion with a reconfigurable
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We demonstrate an electrically biased reconfigurable chiral metasurface for controlling the polarization
conversion and asymmetric transmission in a broadband manner. The reconfigurable metasurface is
constructed with coupled three-layer complementary split-ring resonator (CSRR) arrays and is loaded
with tunable electronic components to achieve dynamic control of reconfigurable chiral coupling in the
CSRRs by simply tuning the external voltage on the structure. It is found that the polarization conversion
in the metasurface can be effectively and continuously tuned in both experiments and simulations in
a broadband frequency range. Meanwhile, the reconfigurable metasurface shows an asymmetric
transmission (AT) effect in a broadband range for a polarized wave. The proposed reconfigurable chiral
metasurface based on the active tuning of connection in the meta-structure with few functional layers is
confirmed as an effective strategy for multi-functional polarization manipulation. The reported
broadband properties of the chiral metasurface are promising for polarization manipulation in optical
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Introduction

Controlling of the polarization state of light is of fundamental
importance in optics due to the vectorial nature of light waves.">
Traditionally, polarization control is always realized by
exploiting the propagation or total internal reflection of bulk
materials or structures such as gratings, birefringent materials
and liquid crystals.**® The huge volume compared to the wave-
length of light and the low efficiency of conventional polariza-
tion devices severely limit their applications, especially in the
engaging nanophotonics. Optical/electromagnetic meta-
surfaces are artificial thin-layered structures composed of sub-
wavelength resonant meta-cells, and with them, the trans-
mission, polarization, phase, and complex wavefront of elec-
tromagnetic waves can be freely tuned by properly designing the
unit structures and their spatial arrangements.” ¢

The metasurface has been exploited for high-performance
anisotropic and even chiral optics for its arbitrarily designed
microstructure with superiority in achieving enhanced
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bands and applications in wireless communication.

anisotropic scatterings of the vectorial components of electro-
magnetic waves."”° It has been demonstrated as an excellent
platform for high efficiency polarization control devices with
ultrathin or subwavelength dimensions overcoming the
conventional devices with macroscopic geometries. Meanwhile,
the asymmetric transmission (AT) effect assisted by polarization
conversion in a metasurface becomes an important subject for
novel applications in non-reciprocal optical devices.***® The
metasurface based polarization manipulation has been applied
in advanced wave devices.*®* However, the wave function of
a metasurface is always fixed and limited in a narrow frequency
range once the metasurface is fabricated due to which its strong
dispersion control on the EM wave is achieved based on the
resonant mechanisms of meta-atoms. The broadband and
multifunctional features of metasurfaces are highly desirable
for overcoming the barriers obstructing metasurfaces from
practical applications in e.g. high-performance polarization
manipulating devices.

The operation band of a metasurface can be widened effec-
tively considering the interlayer coupling effect of the local
resonant modes;** the laminated structure of the anisotropic
open resonant ring has been employed to realize the broadband
polarization conversion and asymmetric transmission.** The AT
effect and polarization conversion of electromagnetic waves on
the metasurface structures have been studied in the range of
microwaves,** terahertzs**** and optical band.***® The design
of these structures can be used for polarizers and have practical

applications in imaging, communication and sensing.’
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Although these designed metasurface structures can achieve
high efficiency and broadband AT effects, once these metasur-
face structures are designed, their function and performance
are fixed and lack effective tunability, which limits their prac-
tical applications. Recently, the emergence of metasurface
structures has greatly contributed to the tunability of electro-
magnetic waves. Dynamically tunable metamaterials can be
obtained by introducing graphene, phase change materials
(e.g., vanadium dioxide and GST) and a nonlinear mecha-
nism®” for active control of light e.g. its polarization states.
However, the current reconfigurable chiral metasurfaces always
operate in a narrow frequency range and discrete polarization
states,”*”® and broadband continuous modulation of polariza-
tion is seldom reported.

In this paper, we demonstrate a reconfigurable chiral meta-
surface made of three-layer complementary split ring resonator
(CSRR) arrays. The CSRRs on the middle layer are 45° -rotated
with respect to the bottom layer, and a top CSRR array is
incorporated with PIN diodes for simply controlling the direc-
tion of CSRRs with electric biasing. The vertically arranged few-
layer structure provides the opportunity to effectively control
the mutual coupling and chiroptical effect operating in
a broadband manner.*’ Furthermore, the top layer with tunable
electric connection between the four arms provides a reconfig-
urable metasurface platform for controlling the chiral coupling
between the near-neighboring CSRRs for polarization manipu-
lation and the AT effect.*®”® Our proof of principle with
a microwave reconfigurable chiral metasurface verified that the
polarization conversion and AT effect can be switched in a wide
frequency band by electrically tuning the orientation of CSRRs
on the top layer. More interestingly, it shows that the polariza-
tion conversion is controlled continuously by varying the
external excitation voltage. The reconfigurable chiral meta-
surfaces based on the active tuning of connection in meta-
atoms can be extended to other metasurfaces with multiple
functions and potential applications in antennas and wireless
communications, such as polarization multiplexing-based 5G
communications.

Results and discussion

The micro-structure of the reconfigurable chiral metasurface
and its operation principle of the electrically controlled broad-
band polarization conversion are schematically illustrated in
Fig. 1. The chiral metasurface is composed of three-functional
metallic layers, and the three layers with a thickness of ¢ =
0.035 mm are separated by dielectric substrates with a relative
dielectric constant of 2.65 and a thickness of 4 = 1.55 mm. The
patterned metallic arrays can be seen from the perspective view
of a unit cell of the metasurface (Fig. 1b) and detailed micro-
structures on different layers (Fig. 1d-f). The functional layers
are composed of complementary split/non-split ring resonator
arrays with a period of p = 10 mm. The anisotropy split ring
resonator array of the metasurface enables the polarization
conversion and AT effect of electromagnetic waves. A comple-
mentary open splitting circle with 45°-rotated in the middle
layer provides the opportunity to achieve chiral coupling in the
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Fig. 1 (a) Schematic illustration of the chiral metasurface with elec-
trically tunable polarization conversion. (b) Perspective view of a unit
cell of the metasurface. (c) Diode equivalent circuit model of the
employed PIN diode (the electric circuit model parameter Rp of the
PIN diode is controlled by varying the external excitation voltage). The
unit structure on the bottom layer (d), the middle layer (e), and the top
layer (f) (R, is the equivalent resistance of the two diodes in the x-
direction and R; is the resistance parameter of the two diodes in the y-
direction).

metasurface which has been demonstrated to be of funda-
mental importance in realizing metasurfaces operating in
a broadband manner.** To achieve dynamic manipulation of
the polarization, we need to change the bias voltage of the PIN
diodes loaded on the CSRRs. In practice, we use an array of
metal vias to connect the circular patches of the top CSRR layer
and the bottom CSRR layer, so the resistances of the PIN diodes
can be controlled by applying the bias voltage on the first and
third layer of the metal mesh grid, while the polarization state
of the transmitted wave can be precisely controlled.

For realizing the active tunability of the broadband polari-
zation control in the metasurface, we use an array of PIN diodes
[MACOM MA4AGP907] loaded between the gap of CSRRs. The
Aluminum Gallium Arsenide (AlGaAs) flip-chip PIN diodes
(MA4AGP907) have a small junction capacitance of 0.025 pF, so
the PIN diode can be simply modeled as a parallel RC circuit
with a constant capacitance and a tunable resistance (Fig. 1c).*
The variable resistance of the diodes changes from infinite to
4.2 Q, while the bias voltage increases positively from 0 to
+1.25 V. The diodes are divided into two pairs with opposite
electric biasing for controlling the electric connection between
the inside and outside of the annulus (Fig. 1b and f). Then the
orientation of the CSRRs on the top layer can be reconfigured by
precisely and continuously tuning biasing voltage on the met-
asurface. When a maximum forward voltage is applied, the
incident x-polarized wave remains as x-polarized wave after
passing through the metasurface, with a polarization rotation
angle of 0° compared to the incident wave. However, if we
reduce the applied voltage from the maximum forward voltage
to negative voltage, the transmitted wave will be a y-polarized
wave, and the polarization is rotated by 90° compared to the
incident wave. The structure of the meta-unit (Fig. 1b) as well as
the chiral coupling in the three CSRRs can be simply applying
electric voltages. Then the polarization of the incident linearly
polarized electromagnetic wave or light wave can be
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dynamically rotated from 0° to 90° in a broad functional band of
the metasurface device.

For the polarization conversion properties of the proposed
metasurface, we employed a finite difference time domain
(FDTD) method based electromagnetic full wave solver for the
numerical simulations in which the metallic resonant struc-
tures are set as PEC, and the electric circuit model parameters of
the PIN diode are Rp = 4.2 Q and Cp, = 0.025 pF. The inner and
outer radii of the bottom layer, middle layer and top layer of the
metal element structure are R = 4.8 mm and r = 4.2 mm. The
rings in a unit are symmetrically segmented by two metallic
strips with a width of g = 0.2 mm and 6 = 45°. Periodic
boundary conditions are set along the x-axis and y-axis of the
element structure, and the linearly polarized electromagnetic
wave propagates along the z-axis positive direction. The
geometrical shape of metal resonant elements in the metasur-
face lacks mirror symmetry, which results in strong electro-
magnetic wave cross coupling in the structure. The cross
coupling and corresponding polarization transformation
ensure the AT effect in the wide frequency band.

The cross-coupling and cross-polarization of electromag-
netic waves cause the asymmetric propagation of electromag-
netic waves in the metasurface, which is asymmetric to the
opposite direction of propagation. Considering the plane elec-
tromagnetic wave incident to the metasurface structure in the
positive direction (+2), the following equation can be obtained:*

1\‘ i(kz—w
Efr.1) = ( . ) gl 1)

in which o is the angular frequency, k is the wave vector, I, and
I, are the complex amplitudes of the electric field in the x and y
directions, respectively, which describe the state of polarization.
Therefore, the transmitted field can be expressed as:

E(r,1) = ( A >e"< ) )

y

The Jones matrix T is used to describe the relationship
between the incident wave and transmitted wave and can be
expressed as:

T‘c _ Tix txy I,\' 7 Ix
< Ty > - |: ty,\‘ tyy :| <Iy ) - T‘lm <Iy > (3)

in which the superscript-f and subscript-lin respectively refer to
the forward (+2) direction propagation of plane electromagnetic
waves and special linear bases with basis vectors parallel to the
coordinate axes. According to the reciprocal theorem, the elec-
tromagnetic wave T matrix® propagating along the reverse (—z)
direction can be obtained:

Lyx —Tyx
T = {', “] (4)

w by

where the superscript-b represents the backward (—z) direction
propagation of the plane electromagnetic wave. To calculate the
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polarization conversion performance of the metasurface, the
polarization conversion rate (PCR) can be defined:

PCR = [t N[t + [2x) (5)
PCRy = |txy|2/(|txy|2 + |Zyy|2) (6)
Ty = |t )

t; represents the transmission coefficient of the transmitted
wave polarized in the i direction caused by the j-polarized
incident wave (i, j = x or y).

For opposite propagation directions, the difference of off-
diagonal elements in the T-matrix is the main reason for the
phenomenon of asymmetric transmission in the metasurface
structure. The asymmetric transmission of an incident elec-
tromagnetic wave propagating in the opposite direction can be
expressed by the intensity difference:

Ay = | + [ — |8 = 12 P = 4P = 12,7 (8)

Aﬁn = Al‘;n (9)

For linearly polarized electromagnetic waves £2) = t{,(yb) and
tfy‘(,ﬁ’) + tfx{y”); this means that the intensity and phase of the
polarization state are different in opposite propagation direc-
tions. The electromagnetic simulation of the proposed trans-
missive unit is carried out with help of the finite-difference
time-domain (FDTD) software named Gallop by using periodic
boundary conditions. Numerical calculations were carried out
to study the polarization conversion and asymmetric trans-
mission effect of the linearly polarized electromagnetic wave
normal incident to the metasurface structure along the z-axis in
two states of PIN diodes. Fig. 2a shows the transmission coef-
ficient of the electromagnetic wave propagating forward along
the z-axis when the diode is on in the x direction and discon-
nected in the y direction (state 1). At this point, the y-polarized
wave can excite the resonant mode of the top structure and
realize the transmission of the y-polarized electromagnetic
wave. It can be clearly seen that in the broadband range of 8.3-
11.2 GHz, the cross-polarization transmission coefficient T, of
the x-polarized wave transformed into a y-polarized wave
exceeds 0.8 and reaches the maximum of 0.96 at 9.8 GHz.

Transmission

708 9 10 11 12 13 5 6 7 8 9 10 11 12 13
Frequency (GHz) Frequency (GHz)

Fig. 2 Transmission coefficient of the linearly polarized wave under
normal incidence along the z-axis with different sets of the two paired
PIN diode: state 1 (a) and state 2 (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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However, the transmission coefficient T, is very small in this
frequency band range, and the difference between T), and Ty,
leads to high polarization conversion. The transmission coeffi-
cient T,, without polarization conversion in the whole
frequency band is far less than the cross-polarization trans-
mission coefficient T),, that is, there is almost no transmission
of the same polarization electromagnetic wave in the whole
frequency band range. Fig. 2b shows the results for the case the
diode is disconnected in the x direction and turned on in the y
direction (state 2); the transmission coefficient of the electro-
magnetic wave propagates forward along the z-axis. At the top of
the structure in the x polarization mode, at the same time, due
to the underlying structure being in the x polarization mode,
bottom and top with the same polarization mode, linearly
polarized electromagnetic wave incident to the metasurface
structure, the x-polarized wave can excite the resonant mode at
the bottom, and the outgoing wave is also an x-polarized wave
through the near-field coupling of the local mode between
layers. As can be seen from the figure, an x-polarized linearly
wave is transmitted. The transmission coefficient Ty, reaches
the maximum of 0.96 at 10.3 GHz and exceeds 0.8 at 7.8-10.8
GHz. And the transmission coefficient T, is very small in this
band range. It can also be clearly seen that the transmission
coefficient Ty, is very small, so there is no polarization conver-
sion of the incident electromagnetic wave. In addition, state 3:

Q
o

o
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Fig. 3 Calculated transmission spectra for cross-polarization (a) T
and co-polarization (b) T, for the designed metasurface with different
resistance parameters.

Fig. 4
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the diode is disconnected in both the x and y directions and is
presented in order to demonstrate the function of the
metasurface.

From the transmission spectra of the linearly polarized
electromagnetic wave under different sets of biasing of the
active diode, the highly efficient and broadband modulation on
the polarization conversion of linearly polarized incidence can
be realized by changing the setting of the resistance of the two
paired diode. Intuitively, we expected to achieve continuously
controlled polarization conversion in a broadband manner by
precisely tuning the setup of resistance between state 1, state 3
and state 2. The continuous adjustment of the transmission
coefficient and cross-polarization transmission coefficient by
changing the resistance of the diodes in the two directions is
confirmed through numerical simulations as shown in Fig. 3.
When the resistance R, = 4.2 Q in the x direction and R, = « in
the y direction, the cross-polarization transmission coefficient
Ty is about 0.96, and the transmission coefficient T, is about
0.3, corresponding to state 1. T, decreases and Ty, increases
when R, increases and R, remains constant. Ty, = 0.58 and Ty,
= 0.8 when R; and R, are infinite, corresponding to state 3.
Then, as R, remains constant, T}, continues to decrease, and Ty,
continues to increase as R, increases until state 2 is reached
when R; = « and R, = 4.2 Q and Ty, = 0.2 and Ty, = 0.96.
Therefore, the polarization state can be dynamically and
continuously changed by adjusting the parameters of the diode,
so as to realize the polarization conversion of the x-polarized
wave to a y-polarized wave when the linearly polarized electro-
magnetic wave is incident on the metasurface or only the line-
arly polarized electromagnetic wave passes through the
metasurface.

To elucidate the physical mechanism of the broadband and
tunable polarization transformation in the metasurface, we
calculated the electric field distribution around the metasurface
under different sets of resistances as shown in Fig. 4. It can be
seen that the incident wave of x-polarization changes the degree
of polarization rotation after passing through the super-surface
with different voltages applied. We can conclude that the

Investigation on the electric field incident on and passing through the metasurface with different sets of resistance parameters corre-

sponding to Fig. 3: @ Ry =42 Q; Ry = . (b) R =250 Q; Ry = ©. (C) Ry = o, Ro = . (d) Ry = ©; R, =250 Q. (e) Ry = o; R, =42 Q.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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polarization control is achieved by adjusting the coupling effect
between the local resonance modes of each layer through the
45° angular deflection of the intermediate layer. Therefore, the
characteristics of the electromagnetic wave can be dynamically
regulated by controlling the conduction direction of the top
diode. The polarization conversion and asymmetric trans-
mission effect of electromagnetic waves can be realized when
the diode is in state 1: x direction, and the diode is disconnected
in the y direction. When the diode is disconnected in the x
direction and turned on in the y direction in state 2, the elec-
tromagnetic wave does not have these characteristics.

In this work, to verify the metasurface performance experi-
mentally, we used the printed circuit board (PCB) technique to
fabricate a metasurface sample containing 144 (12 x 12) unit
cells as shown in Fig. 5a. We measured the cross-polarization
transfer coefficient and co-polarization transfer coefficient at
—1.25 V to 0 V to +1.25 V bias; the variable resistance R, of the
diode changes from R; = 4.2 Q to infinite, while the bias voltage
decreases in reverse from —1.25 V to 0, and the variable resis-
tance R, of the diode changes from infinite to R, = 4.2 Q, while
the bias voltage increases positively from 0 to +1.25 V (Fig. 5b is
the metasurface under testing). The transmission spectra at five
sets of bias voltages are experimentally studied, and the simu-
lation results are given for the corresponding circuit model
equivalent parameters. We compared the experimental and
simulation results in Fig. 5¢ and d. It is clearly shown: (i) the
incident x-polarized wave at state 1: —1.25 V bias voltage (R; =
4.2 Q; R, = ») and state 2: +1.25 V bias voltage (R; = ®; R, = 4.2
Q) has a high cross-polarization transfer coefficient and co-
polarization transfer coefficient over a wide frequency range;
(ii) the ratio of the converted y-polarization wave can be
dramatically and continuously modulated by tuning the biasing
voltage on the metasurface sample.

We further studied the asymmetric transmission feature of
the metasurface. The measured and simulated results of the
asymmetric transmission spectra and polarization conversion

a
C
2 )
) 2
= =
Ve —— E
= . =
E p 500) | o 4112 )
— T, (Ry= 1Ry~ 420)
7 ] 9 10 11 12 13 7 $ 9 10 112 13
Frequency (GHz) Frequency (GHz)
Fig. 5 (a) Photograph of the reconfigurable chiral metasurface. (b)

Photograph of the experiment environment. Comparison of measured
and experimental transmission spectra for cross-polarization (c) Ty,
and co-polarization (d) T for the fabricated metasurface sample in
different states.
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Fig. 6 Simulated (a) and measured (b) asymmetric transmission
spectra and the (c) polarization conversion ratio for the chiral meta-
surface operating in different states.

efficiency of the diode in different states are presented in Fig. 6.
The maximum value of Ax in simulation is 0.92 at 9.8 GHz
(Fig. 6a), and the asymmetric transmission characteristic is
displayed in the 8.4-11.2 GHz band in state 1. For state 2, the
maximum value of Ax is 0.19 at 11.0 GHz, and no asymmetric
transmission characteristic is displayed. Fig. 6b shows that the
measured results for Ax(y) in states 1 and 2 agreed well with the
theoretical calculations. The polarization conversion rate (PCR)
represents the conversion amount of one linearly polarized
wave to another. According to formula (5) and (6), the PCR of the
linearly polarized electromagnetic wave can be calculated.
Fig. 6¢ shows the comparison of polarization conversion rates
between the simulation and experiment. As for the simulated
results, it can be seen that the PCR value of x-polarized wave
exceeds 93% in the broadband 8.1 GHz to 11.6 GHz, and the
PCR value of the y-polarized wave is less than 10% at the same
operating frequency. Therefore, in this case, the electromag-
netic wave realizes the polarization conversion of the x-polar-
ized wave incident to the y-polarized wave. The experimentally
measured results are consistent with the simulated results. The
active metasurface with three specifically designed comple-
mentary structures is proved to be a good platform for achieving
broadband tunable polarization conversion and asymmetric
transmission.

Conclusions

In summary, we demonstrate a reconfigurable chiral metasur-
face with stacked CSRR arrays. The orientation of the CSRRs in
different layers is properly designed and actively reconfigured
considering the electric connection with PIN diodes. The chi-
roptical response or chiral coupling in the stacked CSRRs can be
actively reconfigured by changing the biased voltage on the
metasurface, and the cross-polarization transmission coeffi-
cient and transmission coefficient are continuously adjusted to
realize the continuous polarization manipulation. The struc-
tures designed in this paper are practical in the microwave
section and can be used as a frequency selector and converter
among others to achieve multi-functional manipulation of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electromagnetic waves through the reconfigurable metasurface
structure in the broadband range. The proposed strategy for
achieving multi-functional polarization control with a reconfig-
urable chiral metasurface can be extended to the optical regime
considering the active research studies on actively modulated
optical metasurfaces.
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