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An ultra-wideband and high-efficiency reflective linear-to-circular polarization conversion metasurface is proposed.
The proposed metasurface is composed of a square array of a corner-truncated square patch printed on grounded dielectric
substrate and covered with a dielectric layer, which is an orthotropic anisotropic structure with a pair of mutually perpen-
dicular symmetric axes u and v along the directions with the tilt angles of +45° with respect to the vertical y axis. When
the u- and v-polarized waves are incident on the proposed metasurface, the phase difference between the two reflection
coefficients is close to —90° in an ultra-wide frequency band, so it can realize high-efficiency and ultra-wideband LTC
polarization conversion under both x- and y-polarized incidences in this band. The proposed polarization conversion meta-
surface is simulated and measured. Both the simulated and measured results show that the axial ratio (AR) of the reflected
wave is kept below 3 dB in the ultra-wide frequency band of 5.87 GHz-21.13 GHz, which is corresponding to a relative
bandwidth of 113%; moreover, the polarization conversion rate (PCR) can be kept larger than 99% in a frequency range of

8.08 GHz-20.92 GHz.

Keywords: metasurface, polarization conversion, circular polarization

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

1. Introduction

Polarization is one of important characteristics of elec-
tromagnetic (EM) wave, and it must be taken into consider-
ation in most practical applications. In various wireless sys-
tems, such as mobile communication, radar tracking, satellite
communication and navigation systems, circularly polarized
(CP) wave has been widely used due to the advantages such
as simplifying alignment, overcoming Faraday rotation effect
and multi-path fading.!'! To generate a desired CP wave, in
addition to the way to generate it directly using CP antenna,
an alternative effective way is to first generate a linearly polar-
ized (LP) wave and then convert the LP wave into a CP wave
by using a linear-to-circular (LTC) polarization converter.

Polarization converter is a kind of polarization control de-
vice, which can convert an incident wave with a given polar-
ization into a reflected or transmitted wave with a different
polarization. Polarization converter can be realized in differ-
ent ways. Over the past decade, it has been found that meta-
surfaces can provide a convenient polarization control method
for EM wave, which has aroused great concern. In recent
years, many different polarization converters based on var-
ious metasurfaces have been proposed, which can perform
different types of polarization conversions, such as reflec-
tive cross polarization conversion under LPI>~131 or CPI14-18]
incidence, transmissive cross polarization conversion under
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transmissive 1 LTC polarization conversion under LP in-

cidence. These metasurface-based polarization converters
usually can be miniaturized, however, to date the exist-
ing literature has indicated that although a number of ultra-
wideband reflective cross polarization converters have been
proposed successfully, there are still few ultra-wideband LTC
polarization converters proposed, moreover, previously pro-
posed LTC polarization converters are still difficult to achieve
these anticipated characteristics of ultra-wide band, high ef-
ficiency and compact structure at the same time. For exam-
ple, Li et al. reported a transmissive LTC polarization con-
verter using a bi-layered metasurface.3>! In addition, Gao et
al. proposed a reflective LTC polarization converter using a
micro-split Jerusalem-cross metasurface,!?’! the operating fre-
quency bands of the two polarization converter are 11.0 GHz—
18.3 GHz and 12.4 GHz-21.0 GHz respectively, but their rela-
tive bandwidths are both only 50%. Later, a transmissive LTC
polarization converter based on self-complementary zigzag
metasurface was proposed by Baena er al., in which the 3-
dB axial-ratio (AR) relative bandwidth theoretically reaches
70.5%, however, in experiment, the bandwidth is still only
53%.131 Meanwhile, Jiang et al. reported a reflective LTC
polarization converter using a double-split square-ring meta-
surface in the terahertz regime, which can operate in a fre-
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quency range of 0.60 THz—-1.41 THz, the relative bandwidth is
80%.!1281 Recently, a reflective LTC polarization converter us-
ing an ellipse-shaped metasurface was reported by Ran et al.,
in which the AR of the reflective wave is lower than 3.0 dB
in a frequency band of 10.21 GHz-24.97 GHz, and the rel-
ative bandwidth is only 83.91%.*°1 Moreover, Fartookzadeh
reported a reflective LTC polarization converter in terahertz
regime, in which the 3-dB-AR-bandwidth reaches up to 116%,
however, it is based on a three-layer rectangular-patch meta-
surface, and the polarization conversion rate (PCR) is still not
very high.[*"l As mentioned earlier, this kind of LTC polariza-
tion converter with the characteristics of ultra-wide band, high
efficiency and compact structure still needs further studying.
In this work, a reflective metasurface is proposed, which
can realize ultra-wideband LTC polarization conversion un-
der both x- and y-polarized incidences. Its 3-dB axial ratio
(AR) bandwidth reaches up to 113%, moreover, the PCR is
kept larger than 99% in most part of the 3-dB-AR-band. The
high-efficiency and ultra-wideband LTC polarization conver-
sion performance of the proposed polarization converter is ver-
ified by both simulation and experiment; moreover, the root
cause of the LTC polarization conversion is analyzed in detail.

2. Design and simulation

The proposed polarization conversion metasurface con-
sists of one layer of patterned metal film printed on a grounded
dielectric substrate and covered with a dielectric layer, which
is a two-dimensional (2D) square lattice periodic structure,
one of its unit cells is illustrated in Fig. 1. It is indicated
that the proposed polarization conversion metasurface is an or-
thotropic structure with a pair of mutually perpendicular sym-
metric axes uand v along the directions with the tilt angles of
445 with respect to the vertical y axis. In addition, the ge-
ometrical parameters of the unit cell structure are shown in
Fig. 1(b). In our design, these geometrical parameters are cho-
sen as follows: P = 8.00 mm, w; = 4.2 mm, w, = 2.5 mm,
hy = 3.0 mm, and A, = 4.2 mm; in addition, the two dielec-
tric layers have both a dielectric constant & = 2.0 and a loss
tangent tan & = 0.0018; moreover, the thickness values of the
metallic patterns are all # = 0.017 mm.
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Fig. 1. Unit cell of proposed polarization conversion metasurface: (a) three-
dimensional (3D) view, and (b) top view.

To numerically investigate the LTC polarization conver-
sion performance of our design, a series of numerical sim-
ulations is carried out by using Ansoft HFSS. Firstly, it is
simulated under the y-polarized normal incidence. For the y-
polarized incidence, the co- and cross-polarization reflection
coefficient are defined as ry, = Ej/E} and ry, = E/E}, re-
spectively. The obtained simulated results, the phase differ-
ence AQy, = arg (r,,) —arg (ry), together with the magnitudes
of ry, and ryy, are shown in Fig. 2. In Fig. 2(a), it is indi-
cated that the phase difference Ay, between ryy and ry, is al-
most always equal to +90° in the band 5.0 GHz-21.5 GHz;
furthermore, figure 2(b) shows that the magnitudes of r,, and
ryy are basically equal to each other in the frequency range
from 6.0 GHz to 21.0 GHz, it is implied that the reflected
wave is close to a left-hand circular-polarized (LHCP) wave
in the ultra-wideband frequency band 6.0 GHz-21.0 GHz, for

it travels in the +z direction.
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Fig. 2. Simulated results of proposed polarization conversion metasurface
under y-polarized normal incidence: (a) phase difference A@,, between ry,
and ryy and (b) magnitude of ryy and ryy.

In fact, the reflected wave is still not a perfect CP one, but
it can be considered as a CP one when its AR is lower than
3.0 dB. According to the relevant literature,!38! the AR of the
reflected wave can be calculated from the following equation:

12
AR — <|ryy|2+|rxy|z+\/a> 0
|’yy|2+ |rxy|2 —Va

where

a= ‘ryy’4+ |rxy|4+2|ryy|2 |rxy|zcos(2A(pyx).
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Based on the simulated results in Fig. 2, the AR of the reflected
wave can be calculated out, which is shown in Fig. 3, it is indi-
cated that the AR is lower than 3.0 dB in the frequency range
from 5.87 GHz to 21.13 GHz, and the anticipated LTC polar-
ization conversion is realized in the ultra-wideband frequency
band, which is corresponding to a 113% relative bandwidth.
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Fig. 3. Axial ratio of reflected wave under y-polarized normal incidence.

Though the reflected wave can be regarded as an LHCP
wave when its AR is less than 3.0 dB, it still contains both
RHCP component and LHCP component. By using the
co- and cross-polarization reflection coefficients under the y-
polarized incidence E' = E;éye‘jkz, the reflected wave can be

expressed as

Er‘E,-:E‘i.éy = E;(Vx}'éx+’y)'éy)
_ EV2(rg+iny) V2(6:—i8))
2 2
E\V2(re —iny) V2(8, + iéy)
+ > 5 .

Now, if two LTC polarization conversion reflection coeffi-

2

cients are defined as rrucp—y = Egycp/ E; and 7 gcp—y =
Elycp/ E; respectively, equation (2) shows that the two reflec-
tion coefficients can be obtained from the following equation:

TRHCP—y = \f2(rxy+iryy) /2,
LHCP—y = V2 (ray — iryy) /2. 3)

According to the above simulated results, the two LTC polar-
ization conversion reflection coefficients of the proposed po-
larization conversion metasurface are obtained from Eq. (3),
and the magnitudes of the two reflection coefficients are shown
in Fig. 4(a), it is implied that the magnitude of the LHCP com-
ponent is much larger than that of the RHCP component in the

reflected wave. In addition, in order to show the LTC polar-
ization conversion performance of the polarization conversion
metasurface in detail, the polarization conversion rate (PCR)
is calculated from the following equation:

‘FLHCP—_V}Z

PCR = “4)

2 2"

|rRHCP—y| + |VLHCP7y|
The calculated results, shown in Fig. 4(b), indicates that the
PCR is kept larger than 97.14% in the whole 3-dB-AR-band.
Why is that so? In fact, by using the two LTC polarization

conversion reflection coefficients: rrucp—y and rLacp—y, the

AR of the reflected wave can be expressed as

B |rLHCP7y| + |VRHCP—y{

AR )

| |rinep—y| — |rruce—y ||
In this way, through the following derivation, it can be well
known that the PCR will be kept larger than 97.14% and the
magnitude of rrRgcp—y or rLacp—y Will be less than —15.43 dB
in the 3-dB-AR-band of any LTC polarization converter.
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Fig. 4. (a) LTC reflection coefficients and (b) polarization conversion rate
(PCR) of proposed polarization conversion metasurface under y-polarized
normal incidence.

AR — Jmceo| tlmace | 2 [nnce | rences| o 171 (6)
HrLHCPfy‘ - |rRHCP7yH - ‘rRHCP—y| |7’LHCP7)'| B 7
B ”lHCP—y’z 1
R ""RHCP—}'|2 + |rLHCP—y‘2 St +0.17162 = 97.14%, @
|rRHCP,y|2 or |rLuce—y| ? < V100% — 97.14% = |rRHCP—y| O |rLHCP—y| < —15.43 dB. (8)
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However, for the proposed polarization conversion metasur-
face, figures 4(a) and 4(b) show that the PCR is larger than
99% and the magnitude of rrycp—y is less than —20 dB in the
wide frequency range from 8.08 GHz to 20.92 GHz, which
shows that the proposed polarization conversion metasurface
has not only wider bandwidth but also higher efficiency.

3. Theoretical analysis

Why can the proposed polarization conversion metasur-
face perform such an ultra-wideband and high-efficiency LTC
polarization conversion? To obtain a physical insight into the
root cause, we carry out a detailed theoretical analysis in the
following. As the proposed polarization conversion metasur-
face is an orthotropic anisotropic structure with a pair of mutu-
ally perpendicular symmetric axes uand v, no cross-polarized
reflection components will exist under u- and v-polarized inci-
dences, the magnitudes of r,,, and r,,, will both be very close to
1.0 because of the little dielectric loss. Therefore, in the case
of neglecting the little dielectric loss, the following equation
can be established:

Py = rge A0, ©)

where A@,, represents the phase difference between r,, and
ryv, Which can be limited between r,, and r,,. In addition,
as the symmetric axes u and v are along the directions with
the tilt angles of £45° with respect to the y axis, the y- and x-
polarized unit waves can be expressed as é, = (v/2/2)(é,+¢,)
and é, = (v/2/2)(é, — é,), respectively. In this way, when the
incident wave is supposed to be a y-polarized one E' = Epéy =
Eo(V/2/2)(é,+é,), the total reflected wave can be expressed
as

Er

T A T A
Eeé,+Eé,

V2

TEO (ruuéu + rvvév)

?EO [(ruw +1v0) (8 +€y) + (i — 1) (€ — )]

1 1
= EOE(ruu+rvv)é\y+E05(ruu*rvv)é)ca (10)

which implies that the co- and cross-polarization reflection co-
efficient under the y-polarized incidence can be expressed, re-
spectively, as

1 ! .
ryy = E(ruu‘i_rvv) - Eruu(l +e ]A(Puv)’

1 1 ‘A
r)cy:E(ruu*rvv):Eruu(lfe_J (Puv). (11)

After a similar derivation under x-polarized incidence, the to-
tal reflection matrix Ry, in the X-Y coordinate system is ob-
tained as follows:

Ry, = Txx Txy _l Fuy +Tyy Ty — Ty
in = =
Tyx Tyy 2 \ Fuu—Tyy Fuu+ Ty

12)

1 14+ efjA(Puv 1— efquJuv
= Eruu 1— efjA(Puv 1+ efqu)uv

According to Eq. (12), the following equation can be es-
tablished

ejA¢uV/2 + efjA(Puv/z

- edAQu/2 _ o—jAQu /2" (13)

r}i) . rﬂ . 1.'. efjA(Puv
Fyy  Tye 1 — e iA0w

Due to —180° < Ag,, < +180°, A@,,/2 will be between
—90° and +90°. When 0° < A@,,/2 < 90°, it is indicated in
Fig. 5(a) that the phase difference between the co- and cross-
polarization reflection coefficient under x- and y-polarized in-
cidences will be —90°; however, when —90° < A@,, /2 < 0°,
figure 5(b) indicates that the phase difference will be +90°.
From the above analyses, one can well know why the phase
difference between r,, and (ry,) is always equal to in the
band 5.0 GHz-21.5 GHz. Furthermore, the relation ryy/ry, =
Fre/ ryx appears in Eq. (13), and it is shown that the ratio of y-
to x-polarized reflected component under the y-polarized inci-
dence is always equal to that of x- to y-polarized reflected com-
ponent under the x-polarized incidence, which implies that
when an anisotropic metasurface can convert a y-polarized in-
cident wave into an RHCP/LHCP reflected one, the LTC polar-
ization conversion under x-polarized incidence can be realized
at the same time, however, the x-polarized incident wave will
be converted into an LHCP/RHCP reflected one.

Im

;

Fig. 5. Intuitive schematic diagram of phase difference between co-
and cross-polarization reflection coefficients under x- and y-polarized in-
cidences.

In addition, based on Eq. (12), the magnitudes of ryy, ryy
and ryy, 1y, can be expressed as

1 +e —jAQuy

1
|ryy‘ = |rul = B |7

1
E |1 + COS(A(pMV) _j Sin(A(puv)|

V(1 +cosA@,,)/2,

1— efqu’uv

1
ol = Il = 5

1
3 |1 —cos(A@,,) +jsin(A@,,)]|
= /(1 —cosAg,,)/2. (14)

Because +90° phase difference will always exist between the
co- and cross-polarization reflection coefficients under x- and
y-polarized incidences, now equation (14) implies that the
magnitude of the co- and cross-polarization reflection coef-
ficients will be equal to each other when Ag,,, = £90°, so that
a perfect LTC polarization conversion will be realized in the
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reflected wave at this time. However, the magnitude of the co-
and cross-polarization reflection coefficients will not be equal
to each other in common cases, thus the reflected wave will be
an elliptically polarized one, whose AR can be expressed as

AR = /(1 £cosA@,,)/(1£cosA@,,), (15)

where the choice of addition or subtraction symbol depends on
wheteher the AR is ensured to be never less than 1.0. In addi-
tion, when A@,, = £180°, the magnitude of ry, and r,, will be
equal to zero, so that a cross polarization conversion will be
realized. Why can a perfect LTC polarization conversion be

realized when A@,, = £90°? In fact, under x- and y-polarized
incidences, in the case of neglecting the little dielectric loss,
the incident wave and reflected wave both can be regarded as a
composite wave composed of u- and v-polarized components
with equal amplitude, the two orthogonal components in the
incident wave are in phase with each other, however, in the re-
flected wave, the phase difference between the two orthogonal
components will be changed: when A@,,, = £90°, the phase
difference will be changed to £90°, so the perfect LTC polar-

ization conversion will be realized.
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Fig. 6. Simulated results of proposed polarization conversion metasurface under u- and v-polarized normal incidences: (a) phase difference
between ry,, and r,,, (b) magnitudes and (c) phases of r,, and r,,, (d) axial ratio (AR) of the reflected wave.

According to the above analysis, to make clear the root
cause of the LTC polarization conversion for the proposed
polarization conversion metasurface, the related simulation is
carried out under u- and v-polarized incidences. The simu-
lated results, i.e., the phase difference Ag,, between r,, and
v, 18 shown in Fig. 6(a). It is indicated that the phase dif-
ference Ag@,, always stays close to —90° in a frequency range
between 6.0 GHz and 21.0 GHz, which implies that the an-
ticipanted LTC polarization conversion will be realized in the
ultra-wide frequency band. Why is the obtained A¢,, so good?
To see the cause, the other simulated results, i.e., the magni-
tudes of r,, and ry,, together with their phases, are shown in
Figs. 6(b) and 6(c). Figure 6(b) shows that the magnitude of
ru, and ry, are both close to 1.0 at all frequencies, which ver-
ifies that the dielectric loss of the proposed polarization con-
version metasurface is little; however, the curves of r,, and r,,
each still have a certain quantity of fluctuation and have three
and two local minimum values respectively, which are located
at 6.07, 15.95, 22.35, 7.56, and 18.55 GHz, respectively, it is

implied that there are three and two resonant modes excited
by u- and v-polarized incidences, respectively, thereby caus-
ing these local maximum dielectric losses. In addition, the
curvatures of the curves of r,, and r,, at different resonant
frequencies are quite different, which implies that these reso-
nant modes have different Q values. Furthermore, in Fig. 6(c),
it is shown that the phase change rate of r,, or r,, at each
resonant frequency is different, it is just because of the dif-
ference in Q value among these resonant modes. According
to the phase change rate shown in Fig. 6(c), the phase differ-
ence A@y, can stay close to —90° in a frequency range between
6.0 GHz and 21.0 GHz, which is mainly because of the fol-
lowing two reasons: Firstly, compared with the first resonant
mode (7.56 GHz) under v-polarized incidence, the first res-
onant mode (6.07 GHz) under u-polarized incidence has not
only lower resonant frequency but also higher Q value, which
makes the phase of r,, decrease earlier and more rapidly, so
the phase difference Ag,, can be kept close to —90° in the
band of 6.0 GHz-11.0 GHz. Secondly, the Q values of the
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two second resonant modes (15.95 GHz, 18.55 GHz) under
u- and v-polarized incidences are bothvery small, moreover,
they are basically the same, which results in the same change
trends of the phase of r,, and r,, with frequency increasing
in the band of 11.0 GHz-21.0 GHz, thus the phase difference
A@,, can still be kept close to —90° in the wide subsequent
band. Finally, according to the obtained phase difference Ag,,
in Fig. 6(a), the AR of the reflected wave is calculated from
Eq. (15), the obtained results are shown in Fig. 6(d), and it is
shown that the obtained AR is essentially in agreement with
the one in Fig. 3.

Through the above analysis, it is well understood why
the polarization conversion metasurface can perform such a
high-efficiency and ultra-wideband LTC polarization conver-
sion, which, apart from the two first resonant modes under u-
and v-polarized incidences, can be attributed mainly to the two
second resonant modes. The appropriate difference between
the two first resonant modes causes the phase difference A,
to be close to —90° in the band of 6.0 GHz-11.0 GHz, but the
similarity, together with the small Q values, of the two sec-
ond resonant modes leads to A@,, to stay close to —90° in the
wide subsequent band of 11.0 GHz-21.0 GHz. In this way,
the anticipanted LTC polarization conversion is realized in the
ultra-wide frequency band of 6.0 GHz-21.0 GHz.

4. Experimental validation

Finally, we fabricated an experimental sample and car-
ried out an experimental validation for our design. The fabri-

cated sample is shown in Fig. 7(a), where the inset is a zoom
view of one unit cell. Firstly, its co- and cross-polarization re-
flection coefficients under y-polarized normal incidence have
been measured, which was measured in a microwave anechoic
chamber by using an Agilent E8363B network analyzer to-
gether with a pair of identical standard-gain horn antennas.
The schematic illustration of the measurement setup is shown
in Fig. 7(b), in which the pair of horn antennas was used to
transmit and receive a y-polarized incident wave and its re-
flected wave, respectively, the sample was irradiated; to carry
out the measurement under normal incidence, the separation
angle between the orientations of the pair of antennas should
ideally be close to 0°, it was set to be 6° for the finite sizes
of the fabricated sample. The co- and cross-polarization re-
flection coefficients under y-polarized normal incidence were
measured (Ryy and R,,) when the receiving horn antenna was
rotated 0° and 90°, respectively. Then, based on the mea-
sured Ry, and Ry, the AR of the reflected wave was ob-
tained from Eq. (1). Finally, when the transmitting antenna
was set to be x-polarized, the AR of the reflected wave un-
der x-polarized incidence was measured through the same ex-
perimental steps. In this experiment, the measured results are
shown in Fig. 7(c), showing that the measured results under
y-polarized incidences are in good agreement with the simu-
lated ones in Fig. 3. In addition, under x- and y-polarized inci-
dences, these measured results are basically the same, which
agree well with the theoretical predications.

(b) 6T T T T T T T T
—— measured results under ()
receiver (y- or 5r y-polarized incidence E
-polarized) ----measured results under
T-polarize 4t z-polarized incidence 4

————— simulated results under
y-polarized incidence

transmitter
(y-polarized) 1k

Axial ratio/dB
w

q
i

. L YA
6 8 10 12 14 16 18 20 22

Frequency/GHz

Fig. 7. (a) Photographs of experimental sample, (b) schematic diagram of measurement setup, and (c) measured results: axial ratio (AR) of reflected wave

under x- and y-polarized incidences.

5. Conclusions

In this paper, an LTC polarization conversion metasur-
face is proposed, which can realize high-efficiency and ultra-
wideband LTC polarization conversion in the frequency band
from 5.87 GHz to 21.13 GHz with a relative bandwidth of
113% under x- and y-polarized incidences, the effective LTC
polarization conversion performance is verified through simu-
lations and experiment. In addition, to obtain an insight into
the root cause of the LTC polarization conversion, a detailed
theoretical analysis is presented, it is indicated that the pro-
posed metasurface can perform an ultra-wideband and high-

efficiency LTC polarization conversion, apart from its two first
resonant modes under u- and v-polarized incidences, it can be
attributed mainly to the two second resonant modes, these res-
onant modes cause A, to stay close to —90° in an ultra-wide
frequency band of 6.0 GHz-21.0 GHz, thus the anticipated
LTC polarization conversion is realized in the ultra-wide fre-
quency band. Compared with the previous designs, the pro-
posed LTC polarization conversion metasurface has not only
ultra-wide bandwidth but also much high efficiency, so it is of
great application values for realizing polarization controlled
devices, stealth surfaces, antennas, etc.
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