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An ultrathin micro-split Jerusalem-cross metasurface is proposed in this paper, which can efficiently convert the linear
polarization of electromagnetic (EM) wave into the circular polarization in ultra-wideband. By symmetrically employing
two micro-splits on the horizontal arm (in the x direction) of the Jerusalem-cross structure, the bandwidth of the proposed
device is significantly extended. Both simulated and experimental results show that the proposed metasurface is able to
convert linearly polarized waves into circularly polarized waves in a frequency range from 12.4 GHz to 21 GHz, with an
axis ratio better than 1 dB. The simulated results also show that such a broadband and high-performance are maintained over
a wide range of incident angle. The presented polarization converter can be used in a number of areas, such as spectroscopy

and wireless communications.
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1. Introduction

Polarization is one of the fundamental properties of elec-
tromagnetic (EM) waves. Many applications and optical de-
vices, such as liquid crystal displays, microwave communi-
cations and polarization converters are inherently sensitive to
polarization, and hence full control of the polarization states of
the EM waves is highly desirable. Conventional polarization-
manipulation devices are usually realized by utilizing birefrin-
gence behaviors in crystals. In this way, polarization changes
are obtained by phase accumulation when the EM waves prop-
agate along the optical components, which leads to thick
and bulky configurations in the devices.!!"?] Therefore, it is
extremely inconvenient to integrate within ultrathin devices,
such as nano-photonic devices and advanced sensors.

Metasurfaces are periodic or quasi-periodic planar arrays
of sub-wavelength elements, which can be made on an ul-
trathin dielectric plate or optical thin film. They have re-
ceived much attention since they offer reduced losses and
lower profiles, and hence are simpler to fabricate than bulk
metamaterials.>* When the EM waves irradiate the meta-
surface, the desired phase discontinuity can be achieved by
engineering the geometric parameters of the subwavelength
elements such as the shape, size and orientation, yielding

anomalous reflections and refractions.>-¢

I Owing to such fas-
cinating phenomena, metasurfaces break their dependences

on the propagation effect by introducing abrupt changes of
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optical properties. Hence, many novel physical effects have
been presented, such as photonic spin Hall effect,[’! beam
focusing,®! surface plasmon couplers,®! three-dimensional
computer-generated holography image reconstruction, and flat
lenses. 1"

Recently, metasurfaces have been employed to manip-
ulate the polarization states of the EM waves. By control-
ling the amplitudes and phases of the reflected or transmit-
ted waves, many polarization converters have been success-
fully investigated and demonstrated.!''2%] In reflective lin-
ear polarization converters, the electric (symmetric mode)
and magnetic (asymmetric mode) plasmonic resonances ap-

211 The multi-resonant features can ef-

pear simultaneously.
fectively extend the bandwidth. For example, by combining
a cut-wire array with a ground metal plane, a broadband ter-
ahertz linear polarization converter with an efficiency of up
to 80% in a frequency range between 0.8 THz and 1.36 THz
has been successfully realized.!*?! At microwave frequencies,
a double V-shaped metasurface can rotate the linearly polar-
ized wave into the cross-polarized one in an ultra-wideband
(from 12.4 GHz to 27.9 GHz) with an over 90% polarization
conversion efficiency. >3] As for the linear-to-circular polariza-
tion conversion, ultrathin quarter-wave plates based on meta-

d.124-28] However,

surfaces have also been widely demonstrate
these polarization devices have the obvious disadvantage of
narrow bandwidth, which restricts the practical applications.

Here, we propose an ultra-wideband linear-to-circular po-
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larization converter based on an ultrathin metasurface that is
composed of micro-split Jerusalem-cross structures. We show
that by employing two narrow slits on the horizontal arms,
we can significantly expand the bandwidth of the linear-to-
circular polarization converter. Both numerical simulation and
experiment results show that the polarization converter can
convert the linearly polarized wave into the circularly polar-
ized wave in an ultra-wideband from 12.4 GHz to 21 GHz,
and the fractional bandwidth with an axial ratio better than
1 dB reaches 50%. Moreover, its broadband polarization con-
version performance is supported in a wide range of incident
angles, providing the convenience in practical applications.

2. Design and results

The reflection polarization converter is usually made up
of a metasurface and a continuous metallic ground spaced by a
dielectric plate, in which the metasurface formed by a periodic
array of unit cells with an asymmetric structure is considered
as an anisotropic homogeneous material with dispersive rela-
tive permittivity and permeability. When a plane wave with
specified polarization irradiates the polarizer, the reflected EM
wave can be decomposed into two perpendicular components
which are denoted as E, = E,..+ E,, = E; elPrg —l—Eyej‘Pyy.
Owing to the anisotropic characteristics of the metasurface,
the two components E,, and E,, have different amplitudes
and phases, which determine the polarization characteristics of
the reflected EM wave. By choosing an adaptive metasurface
unit cell and an appropriate thickness of the dielectric plate,
so that E,, and E,, have the same amplitude and phase dif-
ference of 2nmw + /2 (n is an integer), a circular polarization
reflected wave is thus realized.

According to the principles described above, we design a
micro-split Jerusalem-cross metasurface that can convert lin-
ear polarization of the EM wave into circular polarization in
an ultra-wide band. The proposed polarization converter is
formed by a micro-split Jerusalem-cross metasurface and a
metallic ground spaced by an ultrathin dielectric plate as il-
lustrated in Fig. 1. The metasurface admittance is equal to a
sheet admittance which is capacitive in the x direction and in-
ductive in the y direction. The admittance values make sure
that there is 90° phase difference between the x and y polar-
ized refection waves. Furthermore, the micro-splits etched in
the I-shaped arm in the x direction can maintain the 90° phase
difference in an ultra-wide band, which dramatically extends
the band width of the proposed polarizer. The unit cell and its
geometrical dimensions are illustrated in Fig. 1(b), in which
Li=4.1 mm, L, =29 mm, Lz = 2.4 mm, w; = 0.3 mm,
wy = 0.5 mm, and » = 0.75 mm. The width of micro-split

and the periodicity of the metasurface structure are set to be

g =0.15 mm and p = 5 mm, respectively. The metallic layer
is modeled as a copper film with a thickness of 0.035 mm and
an electrical conductivity ¢ = 5.8 x 107 S/m. The dielectric
layer is selected as F4B with a relative permittivity of 2.65,
loss tangent of 0.001, and thickness d = 2.5 mm.

(a)
Fig. 1. (color online) (a) Schematic of linear-to-circular polarization
conversion. (b) A unit cell of the proposed polarizer.

We implement three-dimensional (3D) full wave simu-
lations using commercial software CST Microwave Studio
to verify the performance of the ultra-wideband linear-to-
circular polarization converter. In simulations, a single unit
cell with periodic boundary condition along the x and y di-
rection is employed, and a plane wave with electric field po-
larized along the u direction (45° relative to the x axis, see
Fig. 1(b)) impinging on the unit cell is used as an excitation
source. Due to the anisotropic characteristics of the meta-
surface, both u and v polarized reflection waves are gener-
ated. We define R,, and R,, to denote the reflection co-
efficients of the u and v polarized reflective waves, respec-
tively. The simulated results are illustrated in Figs. 2(a) and
2(b), from which we can clearly see that the reflections of the
two orthogonal reflective waves are almost equal, and their
phase difference A@,, (A@,, = arg(R,,) —arg(Ry,) ) is equal
to —270° in a frequency range from 12.4 GHz to 21 GHz. It
implies that the linearly-polarized incident wave is converted
into the circularly-polarized wave in this ultra-wideband fre-
quency range.

In order to obtain a further insight into the performance
of the proposed circular polarization converter, we introduce

the Stokes parameters as follows: 3

SO = |Ruu|2+ |Rvu|27 Sl = |Ruu|2 - ‘Rvu|2a
S2 =2|Ryu| |Rvu| cosAQy,,  S3=2|Ryy| |Ryu|sinA@,,. (1)

Then, we define the normalized ellipticity as e = S3/So
to descript the circular polarization ability. When e = 1, the
reflected wave is a left-handed circularly-polarized (LHCP)
wave; when e = —1, the reflected wave is a right-handed
circularly-polarized (RHCP) wave. According to Eq. (1), we

can obtain the ellipticity of the proposed circular polarization
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converter by using the simulated and experimental reflection
coefficients and phase difference shown in Figs. 2(a) and 2(b),
and the results are illustrated in Fig. 2(c). It is clearly seen
that the ellipticity is nearly equal to 1 in a frequency range
from 12.4 GHz to 21 GHz, implying an LHCP conversion
in an ultra-wideband. The electric fields at different phases
distributed (see the inset in Fig. 2(c)) on unit cell show ob-

— R,, Sim. N
— R,,, Sim.

— Ry Exp.

—12f/ — Ry, Exp.

Reflection/dB

—15}

—18}

—21 1 1 1 1 1 1
10 12 14 16 18 20 22

Frequency /GHz

1.0

0.9
0.8
0.7
0.6

Ellipticity

0.5
0.4
0.3
0.2

10 12 14 16 18 20 22
Frequency/GHz

viously counter-clockwise rotation, which also demonstrates
the characteristic of LHCP. Figure 2(d) gives the axial ratios
of reflected waves, from which we observe that the axial ra-
tio is less than 1 dB in the same frequency range as ellipticity
e = 1. Figures 2(c) and 2(d) demonstrate the excellent perfor-
mance of the proposed circular-polarization converter in ultra-
wideband.
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Fig. 2. (color online) Performance of the proposed circular polarization converter, in which the dashed lines are experimental results and the solid
lines correspond to simulation results. (a) Reflections for the co-polarized and cross-polarized wave at normal incidence. (b) Phases of reflection
coefficients R, and Ry, and their phase differences. (c) Normalized ellipticities of the reflected waves. (d) Axial ratios.
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Fig. 3. (color online) Simulated axial ratio of the designed polarization
converter as a function of the incident angle 6 and frequency.

An interesting characteristic of the proposed circular po-
larization converter is that it can maintain the excellent per-
formance of circular polarization for a large incident angle.
Figure 3 gives the axial ratios of reflected wave for different

incident angles. It is clearly seen that the axial ratios are less
than 2 dB in the ultra-wideband from 12.4 GHz to 21 GHz
when the incident angle changes from 0° to 35°. However,
when the incident angle is greater than 35°, the circular polar-
ization bandwidth sharply decreases with incident angle de-
creasing. The characteristic of wide incident angle makes the
circular polarization converter very convenient in practical ap-

plication.

3. Physical mechanism

Here, we investigate electromagnetic (EM) response of
the proposed metasurface based on an equivalent circuit the-
ory. The proposed metasurface can be modeled as a series LC
circuit,? in which the capacitor C results from the electric
field distribution in the gaps between metallic wires, and the
inductor L is related to the current distribution on the metal-
lic wires and decreases with their lengths and widths.*°! To
demonstrate it, we observe the surface currents and electric
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field distributions at four typical frequencies corresponding to
13, 15, 18, and 21 GHz when the y and x polarized waves
are normally incident on the metasurface, respectively. The
observed results are shown in Figs. 4 and 5, respectively. Fig-
ure 4 shows the current distributions, from which we clearly
see that the surface currents distribute on the I-shaped arm in
the y direction, implying the inductive characteristic. Mean-
while in Fig. 5, we find that the electric field concentrates on
the micro-splits and the gaps between the I-shaped arms along
the x axis, demonstrating the capacitive property of these I-
shaped arms.

Fig. 4. (color online) Simulated surface current distributions on the cell of
metasurface for the y-polarized incident wave at frequencies of (a) 13 GHz,
(b) 15 GHz, (c) 18 GHz, and (d) 21 GHz.

Fig. 5. (color online) Simulated surface electric field distributions on
the cell of metasurface for x-polarized wave. (a) 13 GHz, (b) 15 GHz,
(c) 18 GHz, and (d) 21 GHz.

In order to further study the EM response of the pro-
posed metasurface, we first consider the Jerusalem-cross ar-
ray without ground and dielectric substrate. Then it can be
modeled as a two-port network as shown in Fig. 6(a). The air
around the Jerusalem-cross array is considered as an equiva-
lent transmission line with characteristic impedance Zy, while
the Jerusalem-cross array is replaced by a series LC circuit
which is parallel connected with the equivalent transmission
line. So the equivalent circuit of the metasurface is obtained
as shown in Fig. 6(b).

The characteristic of the equivalent two-port network can
be analyzed by using the following transfer matrix:

A B o A1 B] A2 Bz Al Bl
CD B C] D] C2 D2 Cl Dl

() ot ) ()
B joL, — 1 ’
0 1 jo eff-i-jwceff 01

Ay By Ay By .
where ( C, D > and < Cy Dy are transfer matrices of the

free space and the Jerusalem-cross array, @ is the angular fre-
quency, Zy is the characteristic impedance of equivalent trans-
mission line, and the L and Cegr are equivalent capacitive and
inductance of I-shaped arms.

Jerusalem-cross array

—l ——)
port 1 air air port 2
—— U
Cogr
port 1 port 2
L
(b)

Fig. 6. (color online) (a) Equivalent two-port network of the free-
standing Jerusalem-cross array. (b) Circuit model of the equivalent cas-
caded two-port networks.

If we transform the ABCD matrix of the whole network

into S-parameters matrix as

(Sll 512>
S$o1 S»
B/Zy—CZy 2
| A+B/2y+CZ+D A+B/Zy+CZy+D 3
2 B/Zy—CZy ’
A+B/Zy+CZy+D A+B/Zy+CZy+D

then the phase of the transmitted wave can be solved as

¢

2
arg<A+B/Zo+CZo+D)

1
= atan  Z — oL 4
a an( 0<a)Ceff () eff)>, 4

a=1/(1+z55(0*Liz+1/w0*Cl—2L/C)).

where

For the y-polarized incident wave, the transmitted wave is

mainly related to the inductive effect of the I-shaped arms in
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the y direction (see Fig. 4). Therefore the transmission phase

¢y is determined by the inductance L and denoted as

(Py = atan(—Zoa)Leff). ®))

Correspondingly, for the x-polarized incident wave, the trans-
mitted wave is mainly related to the capacitance effect of the
I-shaped arms in the x-direction (see Fig. 5). So the transmis-

sion phase ¢, is approximately denoted as

Zy )
Cett )

(6)

()]

Oy = atan (

When a u-polarized wave is incident on the Jerusalem-
cross array, it can be decomposed intox- and y-polarized com-
ponents. Based on the aforementioned theory, the phase of
transmitted waves in the x and y direction are respectively re-
lated to the capacitance (Cef) and the inductance (Legr) of the
equivalent series LC circuit. Furthermore, the inductive el-
ement results in phase delay of y-polarized component, and
the capacitance leads to the phase advance of the x-polarized

component.>! Then a phase difference between x and y elec-

Zy
wCeff)) - D

It should be noted that the Cer and Legr are affected by the di-

mension parameters or the configurations of the I-shaped arms

tric field components can be obtained as

AP =¢,—¢r=a (tan (=Zy®Lest) —tan (

in the x and y directions. It provides us a method to obtain the
prescribed phase difference (A¢) by changing the parameters

and configurations of the I-shaped arms in the x and y direc-

metasurface

ground

plane

}

ISH
—

Reflection/dB

A‘Pyr/(o)

tions. Here we obtain the desired phase by symmetrically em-
ploying micro-split in the I-shaped arms along the x-direction
and optimizing their parameters.

On the other hand, when a metallic ground plane is placed
on the other side of the dielectric substrate, the transmitted
waves are totally reflected. Hence, an incident wave that il-
luminates the metasurface undergoes multiple reflections and
transmissions between the metasurface and metallic ground,
where they interfere with another one to create the final re-
flected wave.!*?! So the dielectric thickness is another critical
parameter to affect the phase of the wave transmitting in the
dielectric substrate, implying that a dispersion-free broadband
polarization converter can be realized by carefully choosing
the thickness of dielectric substrate.

In order to study the physical mechanism in more detail,
we study the reflection characteristics by using the multiple re-
flection interference theory and the physical model is shown in
Fig. 7(a). Assuming that the incident electric field is Ej,, the
total reflected electric field is then calculated by superposition

of all multiple reflections as follows: [3?]

E j2kd
o

_ Tinhie
1 + 7o ei2kd ’

R= =T @
where r|», 121, t12, and tr; are the reflection and transmission
coefficients at the interface of metastructure (see Fig. 7(a)),
k is the transmission constant in the dielectric substrate, and
d is the distance between the metasurface and ground plane.
The ry, 121, 12, and 21 can be calculated by CST Microwave

Studio.
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Fig. 7. (color online) (a) Model of multiple reflections and transmissions for the reflective metasurface, (b) calculated and simulated reflection coefficients of
x- and y-polarized reflected waves, and (c) dispersion curves of phase difference between x- and y-polarized reflected waves for different values of dielectric

thickness.
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According to Eq. (8), when the x- and y-polarized waves
respectively illuminate the polarization converter, the cal-
culated reflection coefficients of R; (i = x,y) are shown
in Fig. 7(b), in which R;; denotes the reflection coefficient
of i-polarized reflective wave for i-polarized incident wave.
For comparison, we also give the simulated results. From
Fig. 7(b), we can observe that the theoretical results are in
good agreement with the simulated ones. Furthermore, we
also find that |R,| is equal to |Ryy| and the phase difference
A@y.(arg(Ryy) — arg(Ryy)) is equal to —90° in the frequency
range from 12.4 GHz to 21 GHz. It implies that when a u-
polarized wave (E;,) which can be equally decomposed into
two components (E; and E;) is incident on the polariza-
tion converter, an ultra-wideband linear-to-circular polariza-
tion conversion can be realized as shown in Fig. 2. We also
study the influence of dielectric thickness on Ag,,, which is
shown in Fig. 7(c). It can be seen that only when d = 2.5 mm,
the A@y, is approximately equal to 90°, implying the possibil-
ity of realizing circular polarization conversion.
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Fig. 8. (color online) Comparison of performance of circular polar-
ization conversion between the converter consisting of conventional
Jerusalem-cross metasurface (a) and the proposed converter (b). The
inserts are the distributions of surface current on metasurface.

We also compare the performance of the proposed polar-
ization converter with the one consisting of Jerusalem-cross
without micro-split (conventional Jerusalem-cross) as illus-
trated in Fig. 8. In order to obtain linear-to-circular polariza-
tion, the parameters of the Jerusalem-cross should be slightly
modified when the micro-splits are moved away. The opti-
mized parameters are set to be L; = 3.6 mm, Ly = 2.9 mm,
Lz = 1.6 mm, w; = 0.35 mm, wp, = 0.5 mm, p =5 mm, and

d = 2.5 mm (see Fig. 1(b)). As we can see from Fig. 8, the
circular polarization bandwidth for conventional Jerusalem-
cross is in the frequency range from 11.5 GHz to 13.5 GHz.
It implies that the operation bandwidth is dramatically re-
duced when the micro-splits are moved out from the I-shaped
arms in the x-direction. The inserts in Figs. 8(a) and 8(b)
show the surface currents distributed on normal Jerusalem-
cross and micro-split Jerusalem-cross, respectively. For nor-
mal Jerusalem-cross, the surface currents are equivalently dis-
tributed on the arms in the x and y directions, whereas for
the micro-split Jerusalem-cross, most of the surface currents
are distributed only on the arms in the y direction. Therefore,
when micro-splits are etched on the I-shaped arms in the x di-
rection, their admittances are changed from inductive to capac-
itive ones. As discussed previously, the alternative admittance
greatly improves the performance of circular polarization con-
verter.

4. Experimental verification

To experimentally validate the proposed polarization con-
verter, the metasurface is fabricated on the F4B substrate by
using the conventional printed circuit board (PCB) technique
as shown in Fig. 9(a). The configuration for fabrication has
an overall size of 250 mm x 250 mm, containing 50 x 50 unit
cells. In measurement, a network analyzer (Agilent 8753ES)
is used, whose two ports are connected to two identical horns.
The fabricated sample is placed on the front of the horn anten-
nas and surrounded by absorbing materials (see the Fig. 9(b)).
The 1# horn is employed to emit the horizontally-polarized
incident waves, and the 2# horn is a received horn by which
the magnitudes of the horizontally- and vertically-polarized re-
flected waves (that is R,,;, and R,,,) can be obtained. To ensure
that the sample receives and reflects the EM waves, the sam-
ple and horn antennas are kept at the same height. On the
other hand, the phases of R, and R,,, are very sensitive to the
wave path since our polarization converter operates at higher
frequencies. Consequently, it is very difficult to obtain the pre-
cise phase difference (A@,,) by using the measured phase data
of R, and R,,,. In order to obtain the precise phase difference,
we rotate the 2# antenna to the 45° polarization to receive the
corresponding amplitude of the reflected wave |Ry,| (see the
inset in Fig. 9(b)). Then, the phase difference A¢,, can be

calculated from the following equations: 3]
Rul® Rl
|qu|2 = | vu| + ‘ uu| + |Rvu| |Ruu‘ COSA(Pvuv ©)]
2 2
2 |qu‘2 - |Ruu|2 - ‘Rvu

CosAQ,, = (10)

2{Ruu [Ryu

In experiments, we consider only the case of normal in-
cidence. The measured |R,,| and |R,,|, and the phase differ-
ence Ag,, are represented by dashed lines in Figs. 2(b) and
2(c). The axis ratio is denoted as dashed lines in Fig. 2(d). It
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is clearly seen that the experimental results show good agree-
ment with numerical simulations, demonstrating the high per-
formance of the proposed circular-polarization converter.

Fig. 9. (color online) Images of the fabricated sample (a) and experi-
mental setup (b).

5. Conclusions

We present an ultra-wideband and high-performance
circular-polarization converter by using ultrathin micro-split
Jerusalem-cross metasurface. Numerical simulation and mea-
surement results demonstrate that the proposed design can
convert the linearly-polarized EM wave to circularly-polarized
wave in a frequency range of 12.4 GHz-21 GHz, with a frac-
tional bandwidth of 50%.
polarization conversion performance is maintained in a wide

Furthermore, the ultra-wideband
range of incident angles. We also investigate the physical
mechanism by using the equivalent circuit method. The pro-
posed polarization converter will have many potential applica-
tions at the microwave and terahertz frequencies.
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