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Controlling the polarization state of electromagnetic waves is an important topic in microwaves due to the enor-
mous application potential in radar technology and mobile communications. Here, we propose a programmable
metasurface based on single-pole double-throw switches to realize multifunctional polarization conversions.
A structure of the double-sided metallic pattern is adopted in the metasurface, in which a novel double-pole
double-throw hub is achieved to guide the energy direction. Such a mechanism successfully induces multiple
transmission channels into the metasurface structure for functional design. By controlling the states of the
switches with a field programmable gate array, the x- and y-polarizations of the incident waves can be efficiently
modulated into linear co- and cross-polarizations of transmitted waves, suggesting a higher degree of freedom on
wave manipulations. The proposed metasurface can be developed as a near-field information encoder to transmit
binary coding sequence according to the energy distribution. Character transmissions are realized by program-
ming binary ASCII codes on the transmitted fields. Nine supercells on the metasurface can encode 9-bit binary
information in one frame of near-field imaging, which can be switched in real time with high speed. We envision
that this work will develop digital coding applications to control the polarization information. © 2021 Chinese

Laser Press

https://doi.org/10.1364/PRJ.412052

1. INTRODUCTION

Metamaterials are artificially synthesized structures engineered
to obtain effective permittivity and permeability that do not
exist in nature. Compared to natural materials, metamaterials
possess ground-breaking properties for electromagnetic (EM)
[1–3], acoustic [4–6], and thermal [7–9] waves, which give rise
to a rich variety of applications such as broadband absorbers
[10], negative reflection [11], and thermal emitters [12]. As
the two-dimensional (2D) version of metamaterials, metasur-
faces have advantages in power consumption, weight, volume,
and processing difficulty [13,14]. In addition, metasurfaces
are able to tailor EM waves [15] dynamically by designing
material structures elaborately. This distinctive property gives
metasurfaces considerable potential applications in tuning
EM waves, including absorption [16,17], wavefront manipula-
tion [18,19], and polarization conversion [20]. Different from
analog metasurfaces [21–24], described by effective medium
parameters, it is now possible for digital metasurfaces to modu-
late EM waves by digital numbers [25–28]. By digitizing
specific physical parameters, a bridge between the physical

world and digital world has been built. Nevertheless, polariza-
tion regulation is rarely involved in digital coding metasurfaces.

Since polarization carries valuable information in signal
transmission, it occupies a peculiar position among numerous
characteristics of the EM waves. Manipulating polarization is
extremely significant for practical applications ranging from
communicating [29] to imaging [30]. To control the polariza-
tion of EM waves, various kinds of passive [31–33] and active
[34–36] reconfigurable polarization converters have been pro-
posed in recent literature. For passive converters, an asymmetric
waveguide is adopted to realize polarization transformation.
Another effective method uses a geometric phase in a metasur-
face structure to achieve spatially varying polarization conver-
sion. In active polarization converters, PIN diodes are
commonly introduced to accomplish conversion among differ-
ent polarization states, including linear-to-linear [37] and lin-
ear-to-circular [38]. However, most of the aforementioned
designs have a drawback in flexibility, for which they can only
achieve one or two polarization conversion effects.

In this paper, we propose a programmable metasurface based
on single-pole double-throw (SPDT) switches. Different from
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the aforementioned works, this design employs switches based
on silicon-on-insulator (SOI) technology, which offers high
performance and ultralow cost. Two SPDT switches in a sym-
metrical structure form a double-pole double-throw (DPDT)
switch to realize flexible selections on the incident and emitted
waves. More importantly, since each SPDT switch can be con-
trolled independently by a field programmable gate array
(FPGA), the proposed metasurface is able to agilely encode
binary polarization information on incident EM waves by a
single programmable metasurface. We show that an ASCII
code sequence of the characters contained in a 9-bit imaging
frame of a near electric field can be completely transmitted.
With low cost and easy fabrication, we believe our design
extends the study of polarization and shows great potential ap-
plications in field information storage, processing, communica-
tions, and imaging.

2. RESULTS

To realize highly tunable polarization states, we propose a
metasurface based on SPDT switches, as illustrated in
Fig. 1. The metasurface enables the polarization of an incident
wave to be tuned arbitrarily between the co- and cross-polar-
izations by changing the states of the SPDT switches. The states
of switches are controlled via digital voltages supplied by the
FPGA. Without losing the generality, here we design eight cod-
ing patterns using the proposed elements in various states to
verify the polarization conversion. Under the illumination of
linearly polarized waves, the metasurface can realize four lin-
ear-to-linear polarization transmission states: X-to-X, X-to-Y,
Y-to-X, and Y-to-Y. Since each switch can be regulated sepa-
rately, the metasurface can implement polarization manipula-
tions in any desirable directions. When all switches are in
the off states, the metasurface results in a perfect reflection.
A symmetrical structure is employed on the front and back
of the metasurface to establish two accesses for two orthogonal
polarization conversions. Thus, the multifunctional meta-
surface with double-sided metallic patterns can realize the

polarization modulations and reflections efficiently by switch-
ing the states of the SPDT switches.

A sketch of the adopted multilayer stacked element with a
period a � 40 mm is exhibited in Fig. 2. The top three layers
are symmetrical to the bottom three, which are spaced by pre-
preg layer (Arlon substrate, dielectric constant of 4.3 and loss
tangent of 0.0035, marked with blue color) with a thickness
h1 � 0.5 mm. The top and bottom layers consist of a circular
metal patch with a thickness 0.018 mm, a SPDT switch, and
connecting lines. Since each SPDT switch can control two
polarization states, every element possesses four states. For sim-
plicity, we encode the x-polarized and y-polarized states as 0 and
1, respectively. Hence, the four states of the element are 00
(incident wave: x-polarized, emitted wave: x-polarized), 01 (in-
cident wave: x-polarized, emitted wave: y-polarized), 10 (inci-
dent wave: y-polarized, emitted wave: x-polarized), and 11
(incident wave: y-polarized, emitted wave: y-polarized), which
constitute 2-bit polarization digital states. A metal probe is used
to connect the top and bottom structures. The two green layers
are the same Arlon substrate with a thickness h � 1 mm and a
metal ground with a thickness 0.018 mm, as illustrated in
Fig. 2(a). As shown in Fig. 2(d), these ground planes pave
the whole metasurface in the second and third layers, which are
used as the reference ground when the top patch couples the
energy from space and radiates in the bottom patch. Also, these
ground planes can block the extra energy to transmit the meta-
surface. After numerous simulations and optimizations of the
element with various structural sizes via CST Microwave

Fig. 1. Schematic of the proposed metasurface for polarization mod-
ulations in transmission mode. By controlling the states of the SPDT
switches, the metasurface with double-sided metallic patterns can real-
ize four linearly polarized states (X-to-X, X-to-Y, Y-to-X, and Y-to-Y)
and perfect reflection.

Fig. 2. Exposition of the multilayer element with specific parame-
ters. (a) Profile of the adopted element and the states of the SPDT
switches. (b) Top view and (c) bottom view of the element. (d) 3D
view of the element structure.
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Studio, we obtain the optimal geometrical parameters, as
shown in Figs. 2(b) and 2(c). The more detailed dimensions
of the element are designed as R � 13.2 mm, b � 5 mm,
c � 8.8 mm, d � 16.2 mm, e � 10.3 mm, and f � 0.6 mm.
In the design and optimization process, the main target is to
achieve high transmission efficiency and good polarization se-
lection, which is mainly related to the patch structure, material
loss, and switch performance. By simulating and sweeping
plentiful dimension combinations, we finally select a dimen-
sion combination with the best transmission efficiency. The op-
timization of the polarization selectivity follows a similar
process. Figure 2(d) provides a 3D view of the element struc-
ture, in which the thickness between the top and bottom layers
is visually increased to clearly exhibit the inner structure. The
spatial energy coupled by the top circular patch is guided
through the specific channel to transmit under the control
of two SPDT switches. The SPDT switch is a rectangular chip
with six pins. The pin configuration and its equivalent circuit of
the SPDT switch are also provided in Fig. 2(d), where the input
pin is connected with two transistors as the RF switches.

We use a series RLC circuit model in simulations to represent
the on and off states, as shown in Fig. 2(d).

To further understand the polarization conversion behavior
and verify the design, numerical simulations of the element are
carried out using CST Microwave Studio. In the simulations,
periodic boundaries are set, and the SPDT switch is modeled as
an RLC series circuit in the on/off state. In the on state,
R � 2.75 Ω, L � 0.45 nH, and C � 0 pF; in the off state,
R � 0 Ω, L � 0.45 nH, and C � 0.05 pF. Figure 3 shows
the transmission characteristics of co-polarized and cross-polar-
ized waves for the element in different states. Considering a
transmission system composed of two antennas and a metasur-
face, the energy component is transmitted or converted into the
specific polarization. By applying the properties of DPDT in
Fig. 2(b), four distinct states are achieved, as marked in differ-
ent colors in Fig. 3(a). For instance, when the element is illu-
minated normally by the x-polarized wave, the unit cell in state
00 can realize the co-polarization. For state 01, the incident
x-polarized wave is converted to the y-polarized wave. At
2.77 GHz, the transmission coefficient of the co-polarized wave

Fig. 3. (a) Designed modulation situation and digital coding patterns. (b)–(e) Simulated amplitudes of the transmission coefficients for elements
in the states of (b) 00, (c) 01, (d) 10, and (e) 11, corresponding to patterns A, B, C, and D.
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is approximately −3.66 dB for state 00, and that of the cross-
polarized wave is around −3.65 dB for state 01, as depicted in
Figs. 3(b) and 3(c). Please note that the transmission loss
mainly comes from the lossy resistor in the circuit model of
SPDT, which can be resolved using low-loss chips. Under the
y-polarized incidence, the cross-polarization transmission of
state 10 reaches about −3.65 dB, as shown in Fig. 3(d), which
means that most of incident wave is converted to its orthogonal
polarization at 2.77 GHz. Likewise, in Fig. 3(e), when the unit
cell works in state 11, only the y-polarized wave can pass
through the metasurface. For these four states, the difference
between the transmitted and the nontransmitted amplitudes
is about 25 dB at the central frequency. Thus, with good iso-
lation between the different states, the polarization of the trans-
mitted wave can be distinctly modulated by different states of
the DPDT switches, making a tunable and programmable
polarization converter.

By encoding the four metasurface elements (00, 01, 10, and
11), we design eight distinct coding patterns to demonstrate the
diverse programmable ability of the transmitted wave. The
whole metasurface consists of 6 × 6 elements integrated with
72 SPDT switches, and the overall size is 240mm ×
240 mm. First, we arrange the uniform patterns (all elements
in the same state), respectively, using the states 00, 01, 10, and
11, as four patterns (A, B, C, and D), whose transmission char-
acteristics are illustrated in Fig. 3. The combination of the four
coding states will enable more flexible transmission manipula-
tions for different polarizations. Considering the symmetrical
and reciprocal features, we present another four representative
patterns (E, F, G, and H) with distinctly mixed coding pat-
terns, as depicted in Figs. 4(a)–4(d), in which the coding se-
quences are expressed as 00010001, 10111011, 00110011,
and 00010001/10111011. To clearly exhibit their functions,
the transmitted powers between the x- and y-polarizations are

Fig. 4. Combined coding patterns and related simulation results. (a)–(d) Representative combined coding patterns (E, F, G, and H) with multi-
functionalities expressed as 00010001, 10111011, 00110011, and 00010001/10111011, as well as the transmission power illustrations.
(e)–(h) Related simulation results of transmission coefficients, in which the data of all four channels are included (X–X, X–Y, Y–X, and Y–Y).
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indicated with arrow-shaped components, in which the bidirec-
tional arrow shape suggests the reciprocity of transmissions and
conversions. In addition, the colors of the arrow components
are related to the codes illustrated in Fig. 4.

We clearly see that each kind of coding element enables a
channel of metasurface for the transmitted wave, such as the x-
and y-polarized transmissions or polarization conversions. Once
two or more kinds of coding elements are programmed, the
relevant channels are activated, as shown in Figs. 4(a)–4(d).
The related simulation results are provided in Figs. 4(e)–4(h),
in which the transmission states of four channels are clearly
observed, showing good consistency with the element perfor-
mance. The simulation configuration is the same as that illus-
trated in Fig. 3(a), in which the two horn antennas are placed
500 mm away from the metasurface. In patterns E, F, and G,

two kinds of coding elements with the same amount are
grouped in the patterns, and the related results are presented,
respectively, in Figs. 4(e)–4(g), in which the maximum trans-
mission coefficient (S21) is about −6 dB at 2.68 GHz. The
other channels in these patterns are closed. Hence, the magni-
tudes of S21 in these channels are much lower than in the single
transmitting channels. In pattern H, all four channels are en-
abled, and the maximum transmission coefficient S21 further
reduces by about 3 dB compared to patterns E–G, because only
a quarter of the elements are programmed for one channel. It
should be noted that in the simulation of each channel, the
polarizations of the transmitting and receiving horn antennas
are set for the related polarization of the channel. We should
also notice that in patterns A, B, and D, we intend to
present the spatial energy conversion between two orthogonal

Fig. 5. Experimental setup of the proposed programmable metasurface. (a) Photograph of the fabricated sample. (b) Schematic of the exper-
imental setup. (c)–(f ) Measured transmission coefficients S21 of: (c) pattern A; (d) pattern B; (e) pattern E; and (f ) pattern F.
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polarizations, which cannot be used for information transmis-
sions. On the contrary, in pattern C, two independent channels
are established for low-interference transmissions.

To confirm the validity of the simulations, a prototype was
fabricated using printed circuit board (PCB) technology. The
overall metasurface and an enlarged element are exhibited in
Fig. 5(a). The switch chip is fabricated using SOI technology
and is soldered on the metasurface. The DC power supply is
2.5 V, which ensures that the DPDT switch works properly.
Since each switch needs a digital control voltage to change
the on and off states, the designed metasurface has 72 voltage
control electrodes connecting to the FPGA. As a result, the
state of each element can be selected flexibly. The experimental
characterization of the programmable metasurface is performed
in a microwave anechoic chamber by using a vector network
analyzer with two horn antennas as the EM wave source
and receiver, as shown in Fig. 5(b). To diminish the effect
caused by the reflected waves in experiments, the metasurface
sample is fixed using microwave absorbing material. The inci-
dent EM wave is linearly polarized and the S-parameters are

measured by the receiving antenna for cross-polarized and
co-polarized transmitted waves.

Due to the symmetrical property, the X–X or X–Y polari-
zation transmission can be easily induced by rotating the whole
system 90 deg. Therefore, we select four representative patterns
for measurements. Due to the slight frequency offset in the
measurement results, we extend the frequency range from
2.5 to 3.5 GHz in the data plot. In Figs. 5(c) and 5(d), it
can be clearly observed that the gains of the co-polarized trans-
mitted waves (X–X) for pattern A and cross-polarized waves
(X–Y) for pattern B are about −5.5 dB at 3 GHz, when the
metasurface is excited by the x-polarized EM waves.
Meanwhile, the other two channels Y–Y and Y–X have good
isolations, which remain at about −20 dB. The transmission
loss mainly results from the loss resistor of the SPDT switch
and the structure loss. In addition, the combined patterns E
and H are measured and presented in Figs. 5(e) and 5(f ), where
the activated elements are marked in specific colors. As depicted
in Fig. 5(e), the blue curve represents the result of pattern E, in
which only the elements 00 (in red) are activated, while the red

Fig. 6. Design and simulations of near-field information transmission using binary ASCII codes. (a) Schematic of the binary information
representation and transmission. (b)–(l) Simulated near-field electric field distributions of three groups of letters in binary ASCII codes: HI,
SUEP, and SEU.
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curve indicates the transmission coefficient (S21) of the meta-
surface with only half elements 01 (in orange) being activated.
Comparing Figs. 5(c) and 5(d), the transmission coefficients of
the metasurface in these two cases are slightly lower by about
3 dB. This is because only half of the elements of the metasur-
face are activated for one channel (X–X), while the other half
are activated for the other channel (X–Y). Likewise, in Fig. 5(f ),
the measured power (in blue) of pattern F for only a quarter of
the activated elements 01 is lower than the case when half of the
elements 01 are excited. Compared to the simulated results, the
power levels of the measured patterns have good agreement,
and the slight frequency deviation is due to the error in PCB
fabrication and circuit modeling. Besides, when the SPDT
switches in each element are in the off states, the transmission
coefficients S21 of the four coding patterns are all below
−20 dB, indicating that the metasurface can achieve prefect
reflections.

The metasurface is composed of 6 × 6 elements, which can
be divided into nine supercells. Here, a supercell consists of
2 × 2 elements that share the same transmission state, as shown
in Fig. 6(a). The state is directly controlled by the biased voltage
from FPGA. Under the influence of a specific linear polariza-
tion incidence, the transmitted wave can be characterized with
different amplitude distributions in the near field of the meta-
surface. The nine supercells possess different transmission en-
ergies, and hence we can encode the supercell with a high or
low transmission energy as digit 1 or 0, whose information bit

can be easily identified according to its energy level. To verify
the above-mentioned information transmission performance,
we design a simulation to transmit ASCII codes of letters.
Since the metasurface is comprised of nine supercells, we regard
them as nine bits according to the corresponding transmission
positions of the supercells. The first eight supercells use 8-bit
binary ASCII codes of letters, and the ninth supercell is viewed
as 0 flag bit (using code 01 for isolation). To briefly represent
the binary coding information, we arrange an x-polarized inci-
dence and codes 11 and 10 (previously illustrated in Figs. 3 and
4) in the near-field information transmission as binary 1 and 0.

Take the letter H as an example, whose binary ASCII code is
01001000. Under the control of the FPGA, the state of the
second and fourth supercells is set as X-to-X polarization
(encoded as 1), and the state of the remaining six supercells
is set as X-to-Y polarization (encoded as 0). In Fig. 1(b), when
the x-polarized wave is incident, we observe that the energy of
the x-polarized transmitted wave is mainly concentrated on the
second and fourth supercells, whose corresponding information
code is 01001000, indicating the letter H. Thus, the informa-
tion can be transmitted through the energy levels of the super-
cells. Under the same setting, the energy distribution of the
y-polarized transmitted wave is just opposite to the x-polarized,
as shown in Fig. 6(c). In the same way, we can characterize
other letters by setting specific supercell states. Figures 6(d)
and 6(e) represent the letter I (the two graphs have opposite
energy distributions for the same reason). As shown in

Fig. 7. Experimental demonstrations of the near-field information transmissions using binary ASCII codes. (a), (b) Configuration of near-field
measurements. (c)–(h) Measured results of six letters represented with binary ASCII codes: (c) H, (d) I, (e) S, (f ) U, (g) E, and (h) P.
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Figs. 6(d) and 6(e), the energy graphs of both metasurfaces re-
present the letter I. Consequently, we can recognize the letters
represented by Figs. 6(f )–6(l) as S(01010011), U(01010101),
E(01000101), P(01010000), and S, E, U, respectively. We re-
mark that the horizontal dimension of the near-field result is
slightly compressed; hence, the white boxes indicating 0 and 1
are not uniformly spaced. The slightly inhomogeneous energy
distribution and position deviation are mainly due to two rea-
sons: 1) a nonideal wavefront is generated from the horn an-
tenna; and 2) cross coupling exists between adjacent elements.

We perform near-field measurements to demonstrate the
encoded information transmission. As presented in Figs. 7(a)
and 7(b), the metasurface is fixed on a metal supporting plate,
joined to an acrylic board using six copper cylinders. The metal
plate around the metasurface also prevents the additional dif-
fraction energy from interfering with the transmitted near field.
A broadband horn antenna is placed in front of the metasurface
as the feeding source. An S band waveguide probe is arranged at
the distance of 20 mm away from the metasurface to test the
2D electric field distribution. The feeding horn and probe are
both along the x axis. The element employs the code 10 as digit
0 and code 11 as digit 1, which, respectively, execute the X–to–
Y and X–to–X polarization conversion and transmission. Six
ASCII code sequences of six letters H, I, S, U, E, and P are
measured, as shown in Figs. 7(c)–7(h), where digits 0 and 1
represent the transmitted signal energy levels. Obviously, the
measured results of these ASCII sequences are clearly distin-
guished, showing good agreement with the simulation results
in Fig. 6. Compared to the simulations, the measured results
seem more uniform than the simulated ones, which mainly re-
sult from different colorbar ranges and scales. Based on the en-
ergy diagrams of transmitted waves, we can conclude that the
imaging-bit information of letters H, I, S, U, E, and P has been
successfully transmitted. Since the polarization selectivity has
already been demonstrated in Fig. 5 and we mainly intend
to demonstrate the information representation and transmis-
sion using the presented metasurface, we believe that the mea-
surements in the x-polarization have fully validated our scheme.

3. CONCLUSION

We demonstrated a novel programmable metasurface inte-
grated with the SPDT switches on the top and bottom metallic
layers. By controlling the SPDT switches in each element, we
can convert the transmitted EM waves between the linear cross-
and co-polarizations. Each element has four polarization states
encoded as 00, 01, 10, and 11. We have programmed different
element states into various sequences to further manipulate the
polarizations of the transmitted EM waves. Besides the switch-
able polarization conversions, a perfect reflection is achieved
when all switches on the metasurface work in the off state.
It should be noted that the presented metasurface only supports
plane waves at normal incidence. For oblique incidence, the
structure and period dimension must be redesigned for higher
diffraction orders. More importantly, we can further modulate
the information on near-field distributions using the single pro-
grammable metasurface. Six characters in binary ASCII code
sequences are designed, simulated, and measured. Both simu-
lated and measured results proved good performance and high

flexibility, indicating that the proposed design has a great effect
on polarization conversions and dynamic field information ed-
iting and transmission. We envision that this work will enrich
the programmable dimension of information metasurfaces
[39,40] and facilitate the next generation of wireless commu-
nications and imaging.
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