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An ultra-wideband 2-bit coding metasurface using
Pancharatnam-Berry phase for radar cross-section reduction
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Yan-Wen Wang(Ef730), and Hong-Jun Ye( 41.7)

School of Information Engineering, Xijing University, Xi’an 710123, China
(Received 27 May 2021; revised manuscript received 28 June 2021; accepted manuscript online 7 July 2021)

An ultra-wideband 2-bit coding metasurface is designed for radar cross-section (RCS) reduction. The design process
is presented in detail, in which a polarization conversion metasurface (PCM) is first proposed. The proposed PCM can
realize ultra-wideband circular polarization (CP) maintaining reflection. Moreover, Pancharatnam—Berry (PB) phase will
be generated in the co-polarized reflection coefficient by rotating the metallic patches in its unit cells. Thus, based on
the PCM, the four coding elements of a 2-bit coding metasurface are constructed using PB phase, and an ultra-wideband
PB 2-bit coding metasurface is proposed according to an appropriate coding sequence. The simulated and experimental
results show that the coding metasurface has obvious advantages of wideband and polarization-insensitivity. Compared to
a metallic plate of the same size, it can achieve more than 10 dB RCS reduction in the frequency band from 9.8 GHz to

42.6 GHz with a relative bandwidth of 125.2% under normal incidence with arbitrary polarizations.

Keywords: coding metasurface, Pancharatnam—Berry phase, radar cross-section (RCS)

PACS: 42.25.Ja, 42.79.Fm, 78.20.Ci

1. Introduction

Metasurface is a kind of 2D planar metamaterial, which
is an artificial composite surface composed of sub-wavelength
resonant unit cell structures. Through the reasonable design
of the unit cell structures, almost all the basic properties of
electromagnetic (EM) waves can be tailored by using var-
ious metasurfaces. Due to the favorable characteristics of
metasurfaces, a variety of metasurfaces, such as metasurface
absorbers, = artificial magnetic conductors (AMC)*11] and
coding metasurfaces!'>=°1 have been proposed to reduce the
radar cross-section (RCS) of stealth targets.

The firs coding metasurface was proposed by Cui et al. in
2014,1"?1 which consisted of several different types of coding
elements arranged at random. Because the reflection phases
in various types of coding elements were very different, the
coding metasurface could achieve broadband RCS reduction
due to phase cancelation after optimizing the arrangement of
these elements. In a coding metasurface, the type of coding el-
ements can be represented as a binary digit according to their
different phase responses. For example, for a 2-bit coding
metasurface, the codes “00”, “01”, “10”, and “11” can rep-
resent the coding elements with relative phase responses 0°,
90°, 180°, and 270°, respectively. Therefore, the array pat-
tern of a coding metasurface can be represented by a coding
sequence, and based on several proper coding elements, a de-
sired coding metasurface can be proposed by optimizing the
coding sequence. Based on the above, we know that the de-

sign procedure of a coding metasurface will mainly consist of
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the following two steps: one is to design several proper coding
elements with suitable phase responses, and the other is to ob-
tain an appropriate coding sequence. In recent years, to realize
broadband RCS reduction, coding metasurface has attracted
significant attention and many different designs have been pro-
posed. The simplest case is 1-bit coding metasurface,!!3-1°]
which consists of only two types of elements denoted as ‘0’
and ‘1’. When the reflection phase difference between 0 and
1 elements can be maintained between 180+ 37 in a specific
frequency range, 10-dB RCS reduction will be realized in the
band due to phase cancelation. In Refs. [20-23], a series of 2-
bit coding metasurfaces have been presented. For a 2-bit cod-
ing metasurface composed of four types of elements with rela-
tive reflection phases 0°, 90°, 180°, and 270°, it can be seen as
a combiner of two different 1-bit coding metasurfaces Thus, it
can achieve greater freedom for controlling EM waves. When
the four types of elements are arrayed according to an appro-
priate coding sequence, it displays better performance in RCS
reduction. [?]

In this work, to design an ultra-wideband 2-bit coding
metasurface for RCS reduction using Pancharatnam—Berry
(PB) phase, a polarization conversion metasurface (PCM) is
first proposed. The simulated results show that the PCM can
make the magnitude of its co-polarized reflection coefficient
under CP incidence close to 1.0 in the ultra-wide frequency
range from 9.8 GHz to 43.3 GHz, and when the metallic patch
in its unit cells is rotated by an angle vy, almost £2y PB

phase will be generated in the co-polarized reflection coeffi-
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cient. Thus, based on the PCM, an ultra-wideband 2-bit PB
coding metasurface is successfully proposed. The simulated
and experimental results show that the coding metasurface can
realize RCS reduction under arbitrary polarization incidences.
Moreover, its working band (9.8 GHz to 42.6 GHz) is almost
the same as that of the original PCM (9.8 GHz to 43.3 GHz).

2. Design and analysis of the coding elements

To design a reflective 2-bit coding metasurface, four cod-
ing elements with relative reflection phases of 0°, 90°, 180°
and 270° need to be constructed. In this work, to construct
the four appropriate coding elements using PB phase, an ultra-
wideband PCM is first proposed, which consists of a metallic
patch array printed on the top of a dual-layer grounded di-
electric substrate. One of its unit cells is shown in Fig. 1. It
can be seen that the metallic patch in the unit cell is a cir-
cular structure, which is most suitable for rotation to gener-
ate PB phase. Moreover, the metallic patch is an anisotropic
structure with a pair of symmetric axes u and v, which are
perpendicular to each other. We define the angle between the
positive u-axis and positive x-axis as the rotation angle y of
the metallic patch, now the metallic patch has been rotated
by y = 45°. In addition, the geometrical parameters of the
unit cell structure are shown in Fig. 1. After appropriate se-
lection, the following geometrical parameters were chosen:
P =6.00 mm, r =2.60 mm, w = 0.20 mm, g = 1.40 mm,
t =0.20 mm, o« = 38°, iy = 0.50 mm and s, = 2.00 mm. In
addition, the metallic patch, together with the grounded plane,
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= (S vy
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is modeled as a 0.017-mm copper film with electric conduc-
tivity o = 5.8 x 107 S/m. Moreover, the dual-layer dielectric
substrate consists of a PTFE dielectric layer and foam layer,
whose relative permittivities are & = 1.80 and &, = 1.05, re-
spectively.

Due to the symmetry of the PCM structure, in the uv-
coordinate system, the reflection matrix Ryj,-,, for a linearly

polarized (LP) wave can be expressed as

w0
Rlin—uv = (V > s (D

0 ry,

wherein the magnitude of r,,, and r,, will both be very close to
1.0 because the dielectric loss is very small. Thus, the follow-
ing formula can be established when the small dielectric loss

is neglected:
—jAQuy
Foy = e 1200 ) 2

wherein A@,, denotes the phase difference between r,, and
Tyy.

When the metallic patch in the unit cell of the PCM is
rotated by v, as shown in Fig. 1(a), the electric field compo-
nents in the uv-coordinate system can be converted to those in

the xy-coordinate system using the following formula:

E.\ [cosy —siny E, 3)
E, ) \siny cosy E, )’

Thus, the reflection matrix Ryj,-x, in the xy-coordinate system

can be obtained through the following formula derivation:
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When the proposed PCM is under CP normal incidence, since the CP incident wave is in —z axis direction, the unit waves of the
right-handed CP (RCP) incident and left-handed CP (LCP) reflected waves are both expressed as éi+ =¢é" = é,+jé,. However,
those of the LCP incident and RCP reflected waves are expressed as &' = é', = é; —jé,. Thus, the reflection matrix R, for CP
wave can be derived as follows:

ELN (1] EXN (1 —j Fuu COSZ W + 1y, sin> Y
E" ] \1 j Ey )\ 1] (Fuu — rw) cOS Ysin Y

(1] Fuu €OS2 W 4 ryy sin® W (ryy — 1) cOS Wsin 1 j ! EL ©)
AL (ruu —ryy)cosysiny  ry, sin? Y+ 1y, co82 Y 1 —j E' )’
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Equation (7) illustrates that when the metallic patch in the unit
cell of the PCM is rotated by an angle y in an anticlockwise di-
rection, the PB phases generated in 4 and r__ will be +2y
and —2vy, respectively. However, the phase of r._ and r_
will not be altered. Therefore, to design a reflective coding
metasurface using PB phase, it must be based on an appropri-
ate PCM, which can make the magnitude of r,  and r__ close
to 1.0. Moreover, according to Eq. (7), the magnitudes of r .,

r—_and ry_, r_; can be expressed as

1 . .

Pl = e = 5 Il [1 - 70| |52
= /(1 —=cosAg,,)/2,
Il =lree] = 3 Il |1 +e7400

(1+cosA@y,)/2. (8)

Equation (8) indicates that the polarization conversion perfor-
mance of the PCM can be determined by the phase difference
A@,, between r,, andr,,. When the phase difference |A@,,|
is close to 180°, the magnitudes of r and r__ will be close
to 1.0, and the anticipated CP-maintaining reflection can be

realized.

(a)

T

Fig. 1. Unit cell structure of the proposed PCM: (a) top view, (b) side view.

In order to analyze the performance of the proposed PCM,
we have carried out a series of numerical simulations using

Fuuy COS2 Wy, sin? 174
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T2

(Fuw — ryy) COS W Sin Y 1\
Fu SINZ W + 1y, OS2 Y 1 —j

1 +e 120w
(1 _ e_jA(pr) e—j214/

_ o iAQuw) ati2
lrm,<(l e e ™

1 —+ e_jA(Puv

CST Microwave Studio. First, it has been simulated under u-
and v-polarized incidences. The simulated results, shown in
Fig. 2(a), indicate that the phase difference A¢,,, of the PCM is
close to 180" in the ultra-wide frequency range from 10 GHz
to 43 GHz. In addition, according to the phase differences
A@y, in Fig. 2(a), the magnitudes of r, and r_ have been
calculated using Eq. (8). The calculated results, as shown
in Fig. 2(b), indicate that the magnitude of r, is approxi-
mately 0 dB, however, that of r_ is kept less than —10 dB in
the ultra-wide frequency band of 9.8 GHz—43.3 GHz, which
shows that the anticipated CP-maintaining reflection will be
realized in the ultra-wide band with a relative bandwidth of
126.2%. Furthermore, in order to verify the calculated results,
the metasurface has been simulated under RCP incidence. In
Fig. 2(b), it is shown that the calculated and simulated results

are in good agreement with each other.

(a) 300
240

180

120

Phase difference (deg)

60

20 25 30 35

Frequency (GHz)

---Simulated 7, ,

Simulated r_

!
710,4
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—15
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—25 1

_ . . . .
30 10 20 25 30

Frequency (GHz)

15

Fig. 2. Simulated results of the proposed PCM: (a) phase difference between
Tuu and ryy, (b) magnitude of r; and r_ .

Moreover, to verify that PB phase will be generated in the
co-polarization reflection coefficients . and r__ by rotating
the metallic patch in the unit cell of the proposed PCM, the

034204-3
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PCM has been repeatedly simulated under RCP and LCP in-
cidences when the rotation angle y of the metallic patches in
its unit cells was gradually increased from 0° to 157.5° with
a 22.5° step width. The simulated results, shown in Figs. 3(a)
and 3(b), indicate that along with the increase of the rotation
angle y, the phase of r; keeps increasing gradually but the
phase of r__ keeps decreasing gradually in the ultra-wide fre-
quency range from 8 GHz to 44 GHz, and they are both altered
by almost 45.0° each time, which verifies that when rotation
angle y is increased by Ay, the PB phases generated in r
and r__ will be +2Ay and —2Avy, respectively.

According to the simulated results in Fig. 3, it is known

that when rotation angle y of the metallic patches in the PCM
is gradually increased from 0° to 157.5° with a 22.5° step
width, the PCM can always be used as coding elements of the
coding metasurface. Based on the relative reflection phases of
the PCM under RCP incidence, the code of the PCM at differ-
ent states is listed in Table 1. It is shown that the PCM can be
used to design 1-, 2-, and 3-bit coding metasurfaces. In this
work, to design a 2-bit coding metasurface, the four coding
elements, whose codes are “00”, “01”, “10”, and “11”, respec-
tively, can be chosen as the PCM at the four states, wherein
the rotation angle y of the metallic patches are 0°, 45°, 90°,
and 135°, respectively.

Table 1. The relationship between the PCM at different states and 1-, 2-, and 3-bit coding metasurfaces.

Rotation angle

Multi-bit
Y=0° $=225 p=450° =675 =900 ¢=112.5° =135.0° < =157.5°
Shape g ) I -
Reflection B . . . . . . .
phase 0 45.0 90.0 135.0 180.0 225.0 270.0 315.0
1-bit 0 1
2-bit 00 01 10 11
3-bit 000 001 010 011 100 101 110 111
(a) (b)
+ |
+ \
« .
G e
o o
Q q.v
n n
< @
= <=
ak o
—2500 1 L 1 L 1 L 1 L 1 L 1 L 1 | L | L | L | | L |

10 15 20 25 30 35 40 45
Frequency (GHz)

A B L
10 15 20 25 30 35 40 45
Frequency (GHz)

Fig. 3. Simulated results of the proposed PCM when the metallic patches in its unit cells are with different rotation angles y: (a) phase of ., (b) phase of r__.

3. Design and analysis of the 2-bit coding meta-
surface

After the four coding elements were constructed, a 2-bit
coding metasurface was proposed according to an appropriate
coding sequence obtained by repeated simulations. The pro-
posed 2-bit coding metasurface, shown in Fig. 4, consists of
6 x 6 coding elements, and each coding element is composed
of 5 x 5 sub-unit cells. For the 2-bit coding metasurface, the
reflection amplitudes in different elements are basically the
same, but the reflection phases are different. The reflection

phase difference between “00” and “10”, together with that
between “01” and “11”, will be close to 180°. Thus, the an-
ticipated RCS reduction can be realized due to the phase can-
celation because these elements are arrayed according to an

appropriate coding sequence.

To show the RCS reduction performance of our design,
the 2-bit coding metasurface, together with a pure metallic
plate of the same size, has been simulated under RCP, LCP,
x-polarized (XP) and y-polarized (YP) normal incidences suc-

cessively. The obtained simulated results, the mono-static
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RCSs of the coding metasurface and the metallic plate, are
shown in Fig. 5(a), in which it is shown that the monostatic
RCS of the coding surface is almost the same under differ-
ent polarization incidences, and the RCS is significantly re-
duced compared with that of the metallic plate. In addition,
in Fig. 5(b), it is shown that under all incidences, the RCS re-
duction of the coding metasurface relative to the metal plate
is kept larger than 10 dB from 9.8 GHz to 42.6 GHz ex-
cept for 11.8 GHz to 12.6 GHz wherein RCS reduction is
more than 8.4 dB, and the relative bandwidth reaches 125.2%.
Moreover, the maximum RCS reduction under RCP, LCP, XP
and YP normal incidence reaches 35.8 dB, 39.2 dB, 35.9 dB,
and 39.7 dB, respectively, at 38.6 GHz. These simulated re-
sults indicate that the coding surface has the obvious advan-
tages of wideband and polarization-insensitivity, it can realize
ultra-wideband RCS reduction under arbitrary polarization in-
cidences.

Table 2. Comparison of this work with previous works.

Ref. or (dB) OFB (GHz) FBW (%) RBW
[14] 10 8.01-22.76 95.8 2.84
[15] 10 5.6-17.7 103.8 3.16
[16] 10 17-42 84.7 247
[17] 10 15-35 80 233
[18] 9 8.6-22.5 89.4 2.62
[19] 10 7.8-23.2 102.7 2.97
[22] 10 6.94-9.23 28.3 1.33
[25] 10 12.2-23.4 62.9 1.92
[26] 10 8.2-17.4 71.9 2.12
[29] 10 15-40 91 2.67
[30] 10 7.2-17.2 82 2.39
This work 10 9.8-42.6 125.2 435

or: RCS reduction8.7

OFB: Operating frequency band

FBW: Fraction bandwidth (FBW = (fu — f1.) /fc.fc = (fu+ f) /2)
RBW: Ratio bandwith (RBW = fi1/ 1)
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Fig. 4. Schematic diagrams of the proposed 2-bit coding metasurface.

Furthermore, to show far-field scattering characteristics
of the 2-dit coding metasurface, the far-field scattering patterns

of the coding metasurface and the metallic plate of the same
size under LCP, RCP, XP and YP normal incidences were ob-
tained at 10.0 GHz, 25.0 GHz, and 40.0 GHz through far-field
simulation. The simulated results, shown in Fig. 6, indicate
that compared with the strong specular reflection of the metal
plate, the scattering field of the coding metasurface is diffused
to all directions of the space in the specular reflection region.
In addition, the far-field scattering characteristics of the coding
metasurface are basically the same under LCP, RCP, XP and
YP normal incidences, the bistatic RCS of the coding metasur-
face in most directions is reduced under different polarization
incidences.

(a) 30 r
25
20}

15F

0K

Far-field RCS (dBsm)

‘—RCP - XP -
----LCP -+~ YP - Metal

ol v )
10 15 20 25 30 35 40 45

plate
1 "

Frequency (GHz)

- XP !
~—-YP

——RCP
I ----LCP
30+ \

i

Far-field RCS (dBsm)
B
=
T

10 15 20 25 30 35 40 ‘ 45
Frequency (GHz)

Fig. 5. Simulated results of the coding metasurface and the metallic plate:
(a) monostatic RCS, (b) RCS reduction of the coding metasurface.

Finally, to experimentally verify the performance of the
2-bit coding metasurface, one laboratory sample has been fab-
ricated using standard print circuit board (PCB) technique,
which is shown in Fig. 7(a). The laboratory sample has been
measured by the free space method. In addition, a metal plate
of the same size has been measured in the same way as a refer-
ence. The measurement has been carried out under RCP, LCP,
XP and YP normal incidences successively. The measured re-
sults are shown in Figs. 7(b) and 7(c). It is shown that the
measured results under RCP and LP incidences are almost the
same. In addition, the measurement results are in reasonable
agreement with the simulated results, although there is a slight
deviation caused by fabrication and measurement errors.
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12 dBsm

YY)

Metal plate Coding metasurface Coding metasurface Coding metasurface = Coding metasurface
(RCP) (RCP) (LCP) (XP) (YP) —28 dBsm
(a) 10.0 GHz

20 dBsm

—20 dB
Metal plate Coding metasurface Coding metasurface  Coding metasurface Coding metasurface 0 dBsm

(RCP) (RCP) (LCP) (XP) (YP)

(b) 25.0 GHz

24 dBsm

—16 dBsm
Metal plate Coding metasurface Coding metasurface = Coding metasurface Coding metasurface

(RCP) (RCP) (LCP) (XP) (YP)
(c) 40.0 GHz

Fig. 6. Simulated 3D far-field scattering patterns of the proposed coding metasurface and the metal plate under different incidences at (a) 10.0 GHz, (b)
25.0 GHz, and (c) 40.0 GHz.

(b) 40 ; 40
—— Measured results (RCP) g (c) | —— Measured results (XP) !
) Ea Simulated results (RCP) fl- 35 —-- Simulated results (XP) &
! n it = I iy
Z sof it £ sof ;
A & 2 .t i
- 25+ 1 i Z o951
= ' g ol /
E 3T
E 15+ s 15F
;G_‘) +
8 10 »n 10F ¢
w 5k ---- Measured results (LCP) 8 5 L ----Measured results (YP)
-~ Simulated results (LCP) L -+ Simulated results (YP)
A I S T E S RN S [ R RN N SR N R
0 10 15 20 25 30 35 40 45 0 10 15 20 25 30 35 40 45
Frequency (GHz) Frequency (GHz)

Fig. 7. Photographs of the experimental sample (a) and comparison of simulated and measured RCS reduction under RCP, LCP incidences (b) and XP, YP
incidences (c).
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4. Conclusion

In this paper, an ultra-wideband 2-bit PB coding meta-
surface was proposed based on an ultra-wideband PCM. The
simulated results show that the RCS of the coding metasur-
face under arbitrary polarization incidences can be reduced by
more than 10 dB RCS relative to a metallic plate of the same
size in the frequency band from 9.8 GHz to 42.6 GHz except
for 11.8 GHz to 12.6 GHz, and the relative bandwidth can be
up to 125.2%. In addition, the coding metasurface has been
successfully fabricated and measured, and there is a reason-
able agreement between the simulated and measured results.
Table 2 lists a comparison of the proposed coding metasurface
with previous works. It is indicated that the coding metasur-
face has a significant advantage in the bandwidth expansion
of RCS reduction. Moreover, the coding metasurface is po-
larization insensitive, so it has great application value in radar

stealth technology application.
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