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A 1-Bit Coding Metasurface With
Polarization Conversion in X-Band

Wen Hua Gao’, Mao Chen?, Qiang Cheng* and Tie Jun Cui

The State Key Laboratory of Millimeter Wave, Southeast University, Nanjing, China

Polarization conversion metasurfaces are widely used in optical devices, microwave
devices and communication systems, owing to their unique polarization modulation
characteristics. However, in some applications (such as folded reflectarrays), the unit
cell must be capable of polarization conversion and phase modulation. To the best of our
knowledge, there are only a few related designs with both the functionalities. In this paper,
we propose a well-performing 1-bit reconfigurable coding metasurface with polarization
conversion. It realizes linear-to-linear polarization conversion in a 1.32 GHz bandwidth, and
the conversion loss is within 1 dB. Simultaneously, the metasurface achieves a phase
difference of approximately 180° by switching the working state of the PIN diodes. This
metasurface has great potential for radar detection, folded reflectarrays, and other fields.

Keywords: metasurface, polarization conversion, 1-bit reflection phase, PIN diodes, X band

1 INTRODUCTION

Polarization is one of the most important characteristics of electromagnetic (EM) waves, and is used
to describe the change in the electric field vector with time. Polarization provides additional
information channels in radio and optical systems for radar tracking, optical fiber
communication, and multiple-input and multiple-output (MIMO) communication. Conventional
devices for manipulating polarization are usually implemented through the Faraday effect or
anisotropic crystals, which are accompanied by problems such as a low conversion efficiency
and large volume (Davis et al., 1998; Masson and Gallot, 2006; Xu et al., 2011). Therefore, their
integration with other miniaturized devices is inconvenient. As an important way to implement
polarizers, metasurfaces show many advantages, such as low profile, low cost and easy integration.
Metasurface is a two-dimensional artificial EM material composed of a subwavelength structure
that can flexibly control EM waves and create peculiar physical phenomena. At present, polarization
conversion metasurfaces (PCMs) can realize linear-to-linear, linear-to-circular, and circular-to-
circular polarization (Gao et al., 2015; Baena et al., 2017; Fernandez et al., 2017; Lei and Yang, 2017;
Lin et al,, 2018; Zheng et al., 2018; Del Mastro et al., 2020; Khan et al., 2020; Lin et al., 2020; Zou et al.,
2020; Liu et al,, 2021; Shah et al., 2021). Many studies have contributed to PCMs with the advantages
of ultrawide bands (Gao et al., 2015; Lin et al., 2018; Khan et al., 2020; Lin et al., 2020; Zou et al.,
2020), miniaturization (Lei and Yang, 2017), and conformality (Liu et al., 2021). In addition, some
PCMs can convert several bands of EM waves into different polarizations, and some can achieve
polarization conversion for both the transmission and reflection of EM waves (Baena et al., 2017;
Zheng et al., 2018; Del Mastro et al., 2020; Shah et al., 2021). The properties of the above PCMs are
fixed. To overcome this drawback, reconfigurable PCMs loaded with switchable components [PIN
diodes, varactors, and microelectromechanical systems (MEMS)] have been proposed to dynamically
control the polarization states (Li et al., 2016; Tao et al., 2017; Sun et al., 2018; Ke et al., 2021).
In some situations, it is difficult to satisfy the application requirements by simply changing the
polarization of EM waves. For example, phase modulation is required in reflectarrays and
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FIGURE 1 | (A) Geometry of the proposed element. (B) First metallic layer. (C) Middle metallic layer.
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transmitarrays in addition to polarization manipulation (Encinar,
2001; Dussopt et al., 2017; Han et al., 2017; Wu et al., 2017). The
advantages of reflectarrays and transmitarrays are obvious, but
their large focal lengths still limit their practical applications. To
solve the problem, the folded reflectarrays/transmitarrays has
been further developed. The elements of folded arrays are
designed to realize polarization conversion and phase
modulation simultaneously, which can reduce the volume of
traditional ~ antenna  without sacrificing  performance.
Furthermore, the advent of folded reflectarrays places greater
demands on metasurfaces, that is, not only polarization
conversion but also phase regulation. Huang et al. (Huang
et al, 2016) design a transmitarray with linear- to- circular
and circular- to- circular polarization conversion and 0°/180°
phase tuning, but the bandwidth remains a significant issue. In
our previous study, we proposed a transmitarray with linear
polarization conversion and a 180° phase response in a broad
band (Gao et al,, 2021). However, the transmitarray cannot be
applied to the folded reflectarrays. Furthermore, the working
principles of transmitarray and reflectarray are different. To
achieve simultaneous phase and polarization control, Wang
and Dong (2020) designed a reflectarray with linear
polarization conversion and 180° compensation phases.
Nevertheless, the measured 1 dB reflection bandwidth is close
to 2%, which greatly hinders its application in antenna designs.

In this paper, a type of 1-bit reconfigurable coding reflective
meta-atom with polarization conversion is proposed, where 1-bit
refers to two discrete reflection phase states of 0° and 180°. It
achieves a reflection amplitude above -1dB and a phase
difference of 180° + 5in two states within a 1.32 GHz
bandwidth. Four PIN diodes with opposite working states are
applied to achieve polarization conversion and a 1-bit phase
response. Moreover, the matching layer technology is adopted to
expand the bandwidth. The remainder of this paper is organized

as follows. In Section 2, the design and mechanism analysis of the
unit are introduced. Section 3 describes the measurement results
of the processed sample to verify its performance. Finally, the
conclusion is drawn in Section 4.

2 DESIGN AND ANALYSIS OF THE
METASURFACE

2.1 Design and Simulation of the Unit Cell
The proposed 1-bit coding metasurface with polarization conversion
is illustrated in Figure 1. It consists of four metal layers: the first
metallic layer, second metallic layer, ground layer and feed layer. The
first layer is a multi-split metal ring (Figure 1B) printed on F4B
(€, = 6.15, tan & = 0.0015) with a thickness of 1.2 mm. There is an
air layer with a thickness of 0.1 mm between the second metal layer
and the top dielectric substrate. The second metallic and feed layers
are etched on two identical F4B substrates (e, = 3.5, tand = 0.001)
separated by the ground layer. Substrates of different thicknesses are
bonded together using Rogers 4450F (e, = 3.52, tan § = 0.002).
The total thickness of the unit is 3 mm (0.11o, where A, is the
wavelength of the free space at 10.5 GHz).

Four PIN diodes (SMP1321-040LF) are placed in the gaps of the
second metallic layer. They are marked as D1, D2, D3, and D4
sequentially, as illustrated in Figure 1C. The working states of D1
and D3 are opposite to those of D2 and D4. The second metallic layer is
connected to the bottom structure, composed of a radial stub and a
microstrip line, through a central metal column to provide bias. Four
diagonal metal columns are connected to the ground plane to achieve
zero potential. Because the bias circuit is below the ground plane, the
DC and AC can be effectively isolated. The main parameters are finally
determined to be as follows: p= 12.8 mm, R;= 1.2 mm, Ry= 2.8 mm,
Rs= 4mm, Ry= 5.5 mm, Rs= 4.5 mm, gap = 1 mm, h; = 1.2 mm, hy=
1L.2mm, h3 = 0.5 mm, w;= 0.2mm, l; = 4.57 mm, and d;= 0.2 mm.
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FIGURE 2 | Simulation results for the proposed metasurface at normal
incidence.

The commercial simulation software CST Microwave Studio is
used for numerical simulations. In addition, the Floquet ports are
set in the z-direction, and unit-cell boundary conditions are
applied in the x- and y- directions. The EM/circuit co-
simulation method is adopted, and the measured S-parameters
of the PIN diodes are employed to characterize the parasitic
characteristics. When the incident EM wave is x-polarized, we
define Ry, and Ry, as the copolarized and cross-polarized
reflection coefficients, respectively. The former subscript
indicates the polarization direction of the reflected waves and
the latter subscript represents the polarization direction of the
incident waves. When x-pol waves EM waves are normally
incident on the metasurface, the co-polarized (R,,) and cross-
polarized (R,) reflection magnitudes of the unit cell R, and R,,,
are as shown in Figure 2. At normal incidence, the reflection
coefficients Ry, and R, are shown in Figure 2. The lines with
hollow and solid circles represent the reflected amplitude of
cross-polarisation and co-polarisation respectively, and the line
with hollow diamonds represents the phase difference. When D1
and D3 are turned on while D2 and D4 are turned off, the
simulation results reveal that the cross-polarized reflection
amplitude above -1dB covers a wide bandwidth of
9.98-11.9 GHz, and the co-polarized reflection amplitude is
below —10 dB in the frequency band of 9.87-11.94 GHz. When
D1 and D3 are turned off while D2 and D4 are turned on, the
simulation results are basically identical to those in the previous
state. The results for the x- and y-polarized waves are the same.

Notably, this unit cell achieves a broadband phase difference of
approximately 180° between the two working cases discussed
above, as shown in Figure 2. This shows that the unit proposed in
this paper has 1-bit coding ability based on excellent polarization
conversion.

2.2 Matching Layer Mechanism to Expand
the Bandwidth

The bandwidth of this unit cell is extremely narrow without the
matching layer, as shown in Figure 3. Thus, we use the matching

1-Bit Polarization-Conversion Coding Metasurface

layer technique to extend the polarization conversion bandwidth
and improve reflectivity. At present, matching layer technology is
widely applied to phased array antennas to improve their wide-
angle scanning ability and expand bandwidth (Cameron and
Eleftheriades, 2015; Yetisir et al., 2016; Cheng et al., 2017).

From the perspective of the equivalent circuit, the dielectric
substrate can be regarded as a transmission line with a
characteristic impedance of 7#,/+/€;, where 17, is the
characteristic impedance of the free space. The thickness of
the substrate is equivalent to the length of the transmission
line. The port impedance of the middle metallic layer is
assumed to be Z;, and we only consider the case of loading
the dielectric wide-angle impedance-matching layer. The
equivalent circuit is illustrated in Figure 4A. The input
impedance obtained from the air layer is Z,;,, which can be
expressed as

_ ZL + jZotaVl (kll’lz)

Zoir = o 77 1
OZO + ]ZLtan (klhz) ( )

In Eq. 1, k; =2n/dy, and Zy = 377 Q, where A, is the
wavelength of the free space. We assume that the port
impedance at the dielectric matching layer is Z;,, which can be
obtained by Eq. 2. Here, k; = 2mv6.15/Ag, and Zgy; = 152 Q.

Zair + jZoitan (kyhy)

Zin = Z N 2
01Zo1 + jZair tan(kyhy) @
. ke, 5

" Zip + jwLy + e

Eq. 2 shows that the port impedance is related to the
frequency, substrate thickness, and dielectric constant. By
reasonably selecting the relevant parameters of the substrate,
the port impedance can be made approximately equal to the free-
space impedance over a wide frequency band. In our design, the
reflection bandwidth is broadened when the matching substrates
are loaded, as shown in Figure 3.
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FIGURE 3 | Reflection amplitudes with or without substrates and
an FSS.
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FIGURE 4 | Equivalent circuits of the 1-bit polarization conversion unit cell (A) with substrates and (B) with an FSS.
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FIGURE 5 | Reflection amplitudes from the CST simulation and
equivalent circuit calculation.

However, in some cases, the method of loading the
dielectric matching layer fails to meet the design
requirements. Hence, a frequency selective surface (FSS) is
utilized instead of a dielectric substrate to introduce more
design variables. As shown in Figure 1, a metal pattern with
multiple split rings is designed. This pattern is not only easy
to process, but also insensitive to polarization. The results
shown in Figure 3 indicate that the bandwidth is further
broadened after changing to the FSS structure. To accurately
describe the bandwidth expansion process, an equivalent
circuit with the FSS is shown in Figure 4B. The metal is
equivalent to a series connection of inductance L1 and
capacitance Cl. Eq. 3 also demonstrates that the port
impedance is related to the two variables of capacitance
and inductance. Advanced Design System (ADS) software
is used to calculate the equivalent circuit parameters. After
optimization, L1 = 38 nH and C1 = 4.4 fF are obtained. The
results of the equivalent circuit in Figure 5 show that the unit
with the FSS can exhibit increased bandwidth owing to the
new resonance point. Because the coupling effect between the
ESS and underlying metal pattern is not considered in this
equivalence, there are some deviations between the simulated
and numerically calculated R;; curves. However, the two
curves are still in good agreement.

2.3 Mechanism of Polarization Conversion
and the 1-Bit Phase Response

To study the polarization conversion mechanism, we introduce a
local coordinate system (uv-axes) with the u- and v-axes rotated
+ 45° with respect to the +y direction. In the following analysis,
we consider that the incident plane waves propagate in the -z
direction. The relationship between the incident and reflected
electric fields can be expressed as E,f = RE;,, where R is a
reflection matrix. Therefore, in the uov coordinate system, it can
be expressed as (Khan et al., 2019):

EH EM RMM RMV EM
[Ev]ref_R[Ev]inC_ [RVM va][Ev]iﬂf’ (4)
where R is the reflection coefficient, the first subscript indicates
the polarization of the reflected electric field, and the second
subscript represents the polarization of the incident electric field.
Because the incident plane waves are x-pol and y-pol, the incident
and reflected electric fields in the xoy coordinate system can be

expressed in terms of the reflection matrix of the u- and v-axes as
follows:

E, 1| Ex
[ ] =Rot-R-Rot1[ ] , ©)
Ey ref Ey inc
. . 10.707 -0.707
where Rot represents the rotation matrix 0707  0.707 ] The

vectors of the x- and y-polarized plane waves are denoted as
(1,0)" and (0,1)7, respectively. We assume that the electric fields
in the u and v directions do not convert to each other; thus,

0 R,
according to Eq. 5, R,,, = —R,, must be maintained to realize the
conversion of x- to y-polarization (or vice versa). In other words, if
the unit is designed to have the same amplitude and reverse phase of

R= [RW 0 ] with 0<|R,|<1 and 0<|R,|<1. Then,

the reflection coefficients along the u- and v-axes, an excellent
polarization conversion effect can be achieved. Consider the case
where D1 and D3 are turned on and D2 and D4 are turned off as an
example. When the incident waves are u- and v- polarized, from 9.98
to 11.9 GHz, the difference in reflection amplitudes is tiny, and the
phase difference is within 180" + 37°, as can be seen in Figure 6.

Additionally, the surface currents can account for the
difference in the u- and v-directions, as shown in Figures
7A,B at 10.5 GHz. When the plane wave is x-pol, the current
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distributions of the unit along the u- and v-axes are discrepant. In
either case, the current mainly flows through the branches where
the PIN diodes are turned off. Therefore, the resonant frequencies
in the two directions are different, resulting in different phases.

From the above analysis, the phases of the reflected electric
field along the u- and v-axes are approximately out of phase, and
this result is the basis for the 1-bit phase response. The incident
electric field is assumed to be E; = & E, = V2/2(6,E, + é,E,)
(Yetisir et al, 2016); then, the reflected electric field can be
expressed as E, = V2/2(&Ex - &E,) = 6,E,, as shown in
Figure 8A. Here, the green diodes indicate on, and the purple
diodes indicate off. When the operating states of the PIN diodes
are switched, the electric field is out of phase in the u direction
and remains unchanged in the v direction (Figure 8B). As a
result, the reflected electric field can be expressed as
E, = \2/2(~,Ex + &,E,) = —€,E,. There is clearly a 1-bit
phase response between these two cases.

FIGURE 7 | Current distributions at 10.5 GHz (A) when D1 and D3 are on and D2 and D4 are off, and (B) when D1 and D3 are off and D2 and D4 are on.

FIGURE 8 | Schematic diagram of the synthesis and decomposition of the incident electric field and the reflected electric field under x-polarized incidence. The

reflected electric field is along the (A) y and (B) -y directions.
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FIGURE 9 | Manufactured prototype of the metasurface. (A) First metallic layer. (B) Second metallic layer.
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FIGURE 10 | Experimental configurations in the microwave anechoic
chamber.

3 EXPERIMENT RESULTS

Based on the above design, a prototype composed of 12 x 12
meta-atoms is fabricated by printed circuit board (PCB)
technology, as shown in Figure 9. The entire measurement is
performed in a microwave anechoic chamber, and the specific
experimental setup can be found in Figure 10. Two vertically
polarized horns are connected to the two ports of a vector
network analyzer to receive and transmit EM waves. The
sample should be placed at a suitable distance to satisfy the
far-field conditions. To ensure that the metasurface and horns
receive the maximum energy, the sample should be set directly in
front of the horn and at the same height. A DC-stabilized voltage
source provides driving voltages to control the turn-on and turn-
off states of diodes.

In the environment setup above, we first measure the cross-
polarized reflection amplitudes and phases of the sample under
diode bias voltages of 0.9 V and —0.9 V. As a reference, we also
measure the reflection amplitude of a metal plate of the same size

as the sample at the same location. Consequently, the final
phase difference can be obtained by comparing the phases
for the two opposite voltages. Moreover, the reflection
amplitudes of the measured sample are normalized to those of
the metal plate.

The measured cross-polarized reflection amplitudes and
phase differences are shown in Figure 11. When D1 and D3
are switched on while D2 and D4 are switched off, the
reflection amplitude is above —1dB in a wide bandwidth
from 10.04 to 11.36 GHz. The maximum reflection
amplitude is —0.19 dB. When D1 and D3 are switched off
while D2 and D4 are switched on, the coding metasurface can
achieve a low loss within 1dB, covering almost the same
bandwidth, and the minimum reflection loss is 0.56 dB. The
amplitude difference between the two cases is within 0.5 dB.
The phase difference between these two cases is 180 + 15" in
the X-band, as shown in Figure 11B. The measured results
indicate that the coding metasurface can achieve polarization
conversion and a 1-bit phase resolution over a wide
bandwidth.

The measurement results are consistent with the simulation
results; however, there are still disparities. The measured
reflection amplitude above -1dB 1is shifted to higher
frequency, and the bandwidth is reduced. Moreover, in the
frequency band corresponding to an amplitude above —1 dB,
the measured phase difference is approximately 5° smaller than
the simulated phase difference. These differences can be
attributed to the following reasons: 1) Instability of the
dielectric constant of the dielectric substrate, 2) errors in the
diode equivalent parameters during simulation, and 3)
fabrication and measurement processes.

Finally, Table 1 summarizes recently reported metasurfaces
that achieve polarization conversion and a 1-bit phase response.
A comparison of the measurement results indicates that the unit
proposed in this study has a wider bandwidth with a reflection
amplitude above —1 dB and a lower loss.
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FIGURE 11 | Simulated and measured cross-polarized reflection amplitudes (A) and phase differences (B).
TABLE 1 | Comparisons with previous literatures.
Refs. Measured operating bandwidth Measured relative bandwidth Reflection amplitude (dB)
(GHZ) (%)
Yetisir et al. (2016) 12.375-12.625 Approx. 2 -1
This work 10.04-11.36 12.3 -1
4 CONCLUSION is conducive to its applications in radar detection, folded

reflectarrays and other fields.
We present a multifunctional metasurface with polarization
conversion and a 1-bit phase response with the advantage of a
wide bandwidth. On the one hand, the main reason for DATA AVAILABILITY STATEMENT
polarization conversion is the different working conditions
of the PIN diodes along uv-axes, resulting in a phase difference ~ The original contributions presented in the study are included in
of approximately 180°. To further investigate this mechanism,  the article/Supplementary Material, further inquiries can be
we explain it from the perspective of the current. On the other  directed to the corresponding author.
hand, by changing the bias voltage from 0.9 V to 0.9 V, the
synthetic total electric field is in the opposite direction, thus
obtaining a 1-bit phase response. To extend the bandwidth, e ~ AUTHOR CONTRIBUTIONS
have innovatively used the matching layer technique.
Furthermore, we illustrate the effectiveness of this technique =~ WG and MC contributed equally to this work. MC carried out the
from the point of view of equivalent circuits. We also measure  analytical modeling, numerical simulations, sample fabrication,
the sample and verify the performance of the metasurface. ~ and measurements. WG and QC contributed to the preparation
When D1 and D3 are switched on while D2 and D4 are  and writing of the manuscript. All authors discussed the
switched off, the metasurface can achieve a polarization  theoretical and numerical aspects and interpreted the results.
conversion amplitude above -1dB over a 1.32GHz
bandwidth, and the maximum reflection amplitude is
—0.19 dB. When D1 and D3 are switched off while D2 and FUNDING
D4 are switched on, the cross-polarized reflection loss of this
unit is within 1dB, and the bandwidth is 1.05 GHz. The  This work is supported by the National Key Research and
minimum loss is 0.56 dB. The measurement results show  Development Pro-gram of China (2017YFA0700201,
that the unit has the performance of a 180° + 15° phase = 2017YFA0700202, and 2017YFA0700203), the National
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