Chin. Phys. B  Vol. 25, No. 8 (2016) 084101
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We report a polarization beam splitter based on phase gradient metasurface for microwave frequency region. The
metasurface is constructed by anisotropic cells with independent phase response for differently-polarized waves. Through
putting different gradient phases for orthogonally-polarized waves on a focusing metasurface, the anisotropic sample has
the ability to enhance gain and split orthogonally-polarized waves. The simulation results indicate that the incident spher-
ical waves are converted into plane waves and split into an x-polarized wave with a refraction angle of —24° and a y-
polarized wave with a refraction angle of 37.6° in the y direction. For verification, a metasurface sample with a size of
102.5 mm x102.5 mm is fabricated and measured. The consistence between numerical and experimental results validates
the improved gain of 10.5-dB against the feed source and the splitting effect. Moreover, the thickness of the proposed
metasurface is 3 mm which is ultra-thin against the wavelength at 15 GHz. The proposed prescription opens a new route to

the applications of anisotropic metasurface in microwave band.
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1. Introduction

Metamaterials (MTMs) have a strong ability to ma-
nipulate electromagnetic (EM) waves on a subwave-
length scale, resulting in fascinating effects such as nega-
tive refraction, superimaging/hyperimaging, and anomalous
reflection/refraction.!!l A special class of MTM, namely, two-
dimensional (2D) metamaterial, also called metasurface, has
drawn tremendous attention recently due to extraordinary flex-
ibility to tailor the EM wave and the ease of on-chip fabrication
due to its planar profile.!>->) Meanwhile, research on metasur-
faces explosively expanded from optics to microwave!®8! in

recent years, especially on gradient metasurface (GM)[°-!1]

122151 For exam-

and planar focusing metasurface (PFM).!
ple, by employing V-shaped antennas in a metasurface, the
GM and the general reflection/refraction laws were first
Then the PFM was

demonstrated and analyzed by adopting I-shaped antennas in

proposed by Yu et al. in Ref. [1].

Ref. [2]. By employing GM, the mutual high-efficiency con-
version between surface-plasmon-like mode and spatial radi-
ated mode was demonstrated in Refs. [3] and [16]. More
recently an anisotropic gradient metasurface was perfectly
shown in Ref. [17]. Even so, compared with the research on
isotropic metasurface, little work on anisotropic metasurface
has been published, which still restricts the controlling of the
differently-polarized waves.!!31°]

Among the research on anisotropic metasurface, an es-

sential research topic is to manipulate orthogonally-polarized
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waves independently. For instance, by using a Huygens meta-
surface the independent controls of orthogonally-polarized
transmitted waves are realized in Ref. [20]. By employing
anisotropic phase element, the transparent polarization beam
splitter is also achieved in Ref. [21]. But note that refer-
ences [20] and [21] both focused on the polarization beam
splitters irradiated by plane waves. Therefore a new way to
realize the beam splitter irradiated by spherical waves is still
greatly desired. In this paper we first propose an anisotropic
refraction metasurface cell, which can manipulate the x/y-
polarized refraction waves independently. Then an anisotropic
transmitting metasurface is designed and fabricated. Three
cases are discussed according to differently-polarized incident
waves. The results demonstrate that the spherical waves emit-
ted from the patch antenna have been converted into plane
waves and refracted to different directions according to dif-
ferent polarization states.

2. Design of an anisotropic metasurface cell

The structure of the metasurface cell is depicted in Fig. 1,
in which the rectangular metallic patch structure is employed
to control the transmission phases of x/y-polarized EM waves.
The dimensions of the structure shown in Fig. 1 are p =
4.1 mm, a, = 3.8 mm, and a, = 3 mm. Meanwhile, the thick-
ness of the dielectric spacer is 4 = 1 mm while the thickness of
the metallic patch structure is #; = 0.036 mm. The dielectric
layer is FR4 with the dielectric constant € = 4.3 and loss tan-
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gent 0.01. The frequency-dependent transmission efficiencies
and transmission phases of single, double and triple layered
element are investigated and the results are shown in Fig. 2.
Unanimously, by employing multi-resonance the three dielec-
tric layers and four metallic patch layers are adopted to im-
prove the phase range at a high transmission efficiency level.
In order to illustrate the situation that phases of x/y-polarized
EM waves are controlled by a, and a, respectively, we fix
ay =3 mm and vary a, from 1 mm to 3.8 mm. Figures 3(a) and
3(b) demonstrate the transmission phases and transmission ef-
ficiencies at 15 GHz for x/y-polarized incident waves. It is
shown that both the transmission phase and transmission effi-
ciency of the y-polarized wave are almost constant, while the
transmission phase of the x-polarized wave varies from —332°
to —706° and the transmission efficiency of the x-polarized
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wave exhibits an oscillatory behavior in a range from 0.75 to
1. Similarly, if a, is fixed at 3 mm and a, is varied from 1 mm
to 3.8 mm, the same conclusion can be drawn.
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Fig. 1. (color online) (a) Top view of the metasurface cell, (b) the per-
spective view and the simulated setup of the metasurface cell.
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Fig. 2. (color online) (a)—(c) Frequency-dependent transmitted efficiencies and (d)—(f) frequency-dependent transmission phases of single, double,
and triple layered element irradiated by x-polarized wave with a, fixed at 3 mm and a, varying from 1 mm to 3.8 mm.
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Fig. 3. (color online) (a) Transmission efficiencies and (b) transmission
phases at 15 GHz for x/y-polarized incoming waves with a, fixed at
3 mm and a, varying from 1 mm to 3.8 mm.

3. Anisotropic transmission metasurface design
and illustrative results

The anisotropic transmitting metasurface is designed
based on a focusing metasurface. Here we set the focal length
to be 30 mm and first demonstrate the designing principle prior
to simulations and experiments. According to the general re-
fraction law as given below

ntsinGt—nisinGi:;—ﬂ%, @)
the plane wave impinging on the GM perpendicularly will be
refracted to a certain angle with respect to the y direction,
which is also called anomalous refraction.

Moreover, considering the fact that the spherical waves
can be converted into plane waves by PFM effectively, we can
put an extra gradient phase on the PFM lens to obtain the plane
waves converted by spherical waves refracted to an anoma-
lous angle. Furthermore, if we put different gradient phases
for x/y-polarized waves on the PFM lens, the spherical waves
will be split into x/y-polarized plane waves with different re-
fraction angles. According to this point, the phase distribu-
tions for x/y-polarized incident waves should meet the phase
relationship as described as follows:

2

AD, = %(\/f2+x2+y2—f)+€1y, @)
2

Ady = Tﬂ(\/f2+x2—|—y2—f)+§2y, 3)

where &; and &, represent the phase gradients and, &, &, are
the relative phase distributions for x/y-polarized waves respec-
tively. Note that both phase gradients are in the y direction, we
will obtain the transmitted beams of x/y-polarized waves re-
fracted in the y direction but with different refraction angles.
Meanwhile, the refraction angles of x/y-polarized waves can
be calculated by the general refraction law, and they are

A

Gt_x = SiIl_1 (ﬁé]) , (4)
A

6, =sin"! <E52> . (5)

According to the above designed principle, we propose a
PFM with independently controlling the differently-polarized
waves as shown in Fig. 4. The PFM sample and the rela-
tive phase distributions of x/y-polarized incident waves are
shown in Figs. 4(a)-4(c). Moreover, we set the focal length
to be 30 mm for x/y-polarized waves and keep & = 7m/6p
and & = —m/4p. According to formulas (4) and (5), the x/y-
polarized plane waves converted from spherical waves will be
refracted to &_, = —24° and §t_y = 37.6° in the y direction.
Since the anisotropic metasurface has different responses for
different polarization states of the feed source, the cases of x-,
y-, and x/y-polarized incident waves are considered below.
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Fig. 4. (color online) (a) Top view of the proposed PFM, (b) the relative
phases of x-polarized waves distributed on the PFM, and (c) the relative
phases of y-polarized waves distributed on the PFM.

3.1. Under the irradiation of x-polarized waves

We first simulate a patch antenna with good performance
at 15 GHz, which is adopted to act as a feed source. Fig-
ures 5(a) and 5(b) show the detailed parameters and return
loss of the patch antenna. Meanwhile figure 6 shows the far
field pattern of the patch antenna, which shows low directiv-
ity. Then the patch antenna is set for the feed source of the
PFM, which is polarized along the +x axis. In the course of
design, a finite-difference time-domain (FDTD) method based
on commercial software CST Microwave Studio 2011 is used
to simulate the model of the metasurface sample we have de-
signed. Open boundary conditions are set in all directions, and
the three-dimensional (3D) far-field pattern of the anisotropic
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metasurface is calculated as shown in Fig. 7. In order to illus-
trate the detailed working procedure, the near-field data in the
yoz and xoz planes are shown in Figs. 8(a) and 8(b), respec-
tively. The conclusion can be drawn that the spherical incident
wave is converted into plane wave with a refraction angle of
—24.6° in the y direction, which is in good accordance with
the theoretical results.
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Fig. 5. (color online) (a) Patch antenna acting as the feed source of the PFM
and (b) the return loss of the patch antenna.
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Fig. 6. (color online) Far-field pattern of the patch antenna.
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Fig. 7. (color online) Far-field pattern of the anisotripic metasurface system
under the irradiation of x-polarized waves.

Fig. 8. (color online) Near-field data of the anisotropic metasurface system
in (a) yoz and (b) xoz planes under the irradiation of x-polarized waves.

3.2. Under the irradiation of y-polarized waves

Similarly, we set the polarized direction of the patch an-
tenna to be along the +y axis. With the same simulated setup,
the 3D far-field pattern of the anisotropic metasurface is cal-
culated in CST 2011, and the results are shown in Fig. 9. Fig-
ures 10(a) and 10(b) show the near-field data in the xoz and
yoz planes. Both far- and near-field simulated results demon-
strate that the spherical incident wave is not only converted
into plane waves but also refracted at an angle of 37° in the y
direction, which is in good accordance with the theoretic re-
sults.
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Fig. 9. (color online) Far-field pattern of the anisotropic metasurface system
under the irradiation of y-polarized waves.

Fig. 10. (color online) Near-field data in (a) the yoz and the (b) xoz planes
with y-polarized incident waves.

3.3. Under the irradiation of x/y-polarized incident waves

In order to obtain both x/y-polarized incident waves at
the same time, the patch antenna is set to be oblique in xoy
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plane as shown in Fig. 11(b), thereby the polarization state of
incident wave can be described as

E=e, - |E|cosp+e,|E|sing. (6)

Here we set ¢ = 45°, which will keep the amplitudes of x/y-
polarized incident waves equal. Then we obtain the sample
shown in Fig. 11(a), which is simulated in CST Microwave
Studio 2011 where open boundary conditions are set in all di-
rections.

(b)

Fig. 11. (color online) Anisotropic metasurface system and its feed source.
(a) the anisotropic metasurface constructed by the PFM and a patch antenna,
and (b) the relative position of the patch antenna in the xoy plane.
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Fig. 12. (color online) 3D far-field pattern of the anisotropic metasurface
system under the irradiation of x/y-polarized incident waves.

Figure 12 shows the 3D far-field pattern of the anisotropic
metasurface in which the great improvements of realized gain
against the patch antenna and beam splitting are both obtained.
In order to obtain the exact angles that the refracted beams
point to, the relative amplitude of E-field in yoz plane is cal-
culated and demonstrated in Fig. 13 where the refraction an-
gles of —24.1° for x-polarized waves and 37.4° for y-polarized
waves are obtained at 15 GHz. Moreover the relative ampli-
tude of E-field decreases with frequency offset from 15 GHz.
Obviously, the simulation refraction angles are in good accor-
dance with the theoretical ones calculated by the general re-
fraction law. Besides, there is a slight difference in realized
gain between the splitting beams, which is due to different ef-
fective apertures.
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Fig. 13. (color online) Relative amplitudes of E-field for x/y-polarized
waves at different frequencies in the yoz plane.

3.4. Experimental results under irradiation of x/y-
polarized incident waves

In order to further verify the designing principle, we fabri-
cate a PFM sample with a size of 102.5 mmx 102.5 mm by us-
ing conventional printed circuit board (PCB) technique. Con-
crete parameters are consistent with the PFM we have sim-
ulated above as shown in Fig. 4(a). The photograph of the
sample is shown in Fig. 14 and the measurement is carried
out on the antenna test system in a microwave anechoic cham-
ber to reduce the influence of noises. As shown in Fig. 15,
the measured results are in good accordance with the simu-
lated ones, indicating that the incident wave from the feed
source is split into x-polarized wave with a refraction angle
of —24° and y-polarized wave with a refraction angle of 37.6°
in the y direction. Moreover, due to different effective aper-
tures, the realized gain ofx-polarized refracted wave is 15.6 dB
which is 0.4 dB bigger than that of the y-polarized refracted
wave. Besides, to analyze the operating bandwidth, double
factors will be taken into consideration. One factor is the 1-
dB gain bandwidth. We show the 1-dB gain bandwidth for
x- and y-polarized waves in Fig. 16(a), from which the x-
polarized waves operate from 14.6 GHz to 15.5 GHz while
the y-polarized ones work in a frequency range of 14.7 GHz—
15.6 GHz. That is to say, the 1-dB gain bandwidth of the
splitter ranges from 14.7 GHz to 15.5 GHz. The other fac-
tor we consider here is the polarization isolation. As shown
in Fig. 16(b) the polarization isolation degrees for x- and y-
polarized waves are plotted. With the isolation level above
20 dB, we will obtain that the x-polarized waves operate from
14.7 GHz to 15.9 GHz while the y-polarized ones work in at
14.6 GHz-15.6 GHz. In other words, the bandwidth of isola-
tion level above 20 dB is from 14.7 GHz to 15.6 GHz. In sum-
mary, the bandwidth with gain reducing 1 dB and polarization
isolation level above 20 dB is from 14.7 GHz to 15.5 GHz.
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Fig. 14. (color online) (a) Top view and (b) the test view of the fabricated

sample.
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Fig. 15. (color online) Simulated and measured far-field radiation

patterns at 15 GHz of the anisotropic metasurface system with x/y-

polarized incident waves.
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Fig. 16. (color online) Simulated and measured (a) realized gain and
(b) polarization isolation degree for x- and y-polarized waves.

4. Conclusions and perspectives

In this work, we demonstrate an utra-thin beam splitter
through using anisotropic metasurface. By putting different
gradient phases of x/y-polarized waves on a PFM, we also

show a new designing principle of anisotropic metasurface.

Both simulated and measured results demonstrate great im-

provements of the patch antenna gain and perfect beam split-

ting effect, which possesses great application values in the

anisotropic devices, high gain antennas, lens, etc.
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