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Polarization manipulation is a significant issue for artificial modulation of the electromagnetic (EM) wave, but
general mechanisms all suffer the restriction of inherent symmetric properties between opposite handedness.
Herein, a strategy to independently and arbitrarily manipulate the EM wave with orthogonal circular polariza-
tions based on a metasurface is proposed, which effectually breaks through traditional symmetrical characteristics
between orthogonal handedness. By synthesizing the propagation phase and geometric phase, the appropriate
Jones matrix is calculated to obtain independent wavefront manipulation of EM waves with opposite circular
polarizations. Two transmissive ultra-thin meta-deflectors are proposed to demonstrate the asymmetrical
refraction of transmitted circularly polarized waves in the microwave region. Simulated transmitted phase
front and measured far-field intensity distributions are in excellent agreement, indicating that the transmitted
wave with different polarizations can be refracted into arbitrary and independent directions within a wide
frequency band (relative bandwidth of 25%). The results presented in this paper provide more freedom for
the manipulation of EM waves, and motivate the realizations of various polarization-independent properties
for all frequency spectra. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.000080

1. INTRODUCTION

As one of the intrinsic attributes of monochromatic planar
electromagnetic (EM) waves, polarization plays an essential role
in the manipulation of EM waves [1]. The polarization state of
EM waves can be modified by various beam splitters, which are
realized by wave plates [2], birefringence [3], photonic crystals
[4], silicon wafers [5], anisotropic metamaterials [6,7], and so
forth. With the advent of metasurfaces, which are composed of
plenty of unit cells with specific configurations and orientation
angles, and which can be understood as inhomogeneous and
anisotropic media in the two-dimensional space, the manipu-
lation of EM waves based on polarization modulation reaches a
new plateau. Various potential applications, such as polariza-
tion splitters and refraction [8–17], tunable waveguides
[18,19], tunable meta-devices [20,21], meta-lenses for beam
focusing [22–27], generation of vortex beams carrying orbital
angular momentum (OAM) modes [28–33], and optical high

resolution holography [34–38], have been proposed in a wide
spectrum from optics to radio frequency.

Traditionally, the geometric phase also known as the
Pancharatnam–Berry phase can be employed to establish the
phase-gradient anisotropic metasurface, which can convert the
left-/right-handed circularly polarized (LHCP/RHCP) incident
wave into its opposite circular handedness with the symmetrical
properties and further realize versatile devices and lenses
[5,13,25,28–33,37]. This symmetry characteristic for orthogo-
nal polarizations can be deduced and directly demonstrated
on a Poincare sphere, due to the vector directivity of path con-
necting two poles representing the opposite circular polariza-
tions. However, the inherent restrictions of this symmetry
characteristic have limited the applications in wireless systems
[8,14,25,32,37]. Recently, different works have been proposed
to overcome the symmetry limitation in polarization manipu-
lation of EM waves, including independent chiral optics holo-
grams [39,40], arbitrary spin-to-orbital converters [41,42], and
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multi-functional meta-devices [43,44], Nevertheless, there
are very few results showing the breakthrough of symmetry
restrictions between the orthogonal circular handedness in the
microwave region, which can control two opposite circular
polarizations respectively and independently to realize a specific
functionality.

In this paper, complementary transmissive ultra-thin meta-
deflectors with aperture structures are elaborately designed
to realize polarization-independent refraction at microwave
frequencies. By combining propagation and geometric phases
of each unit cell via changing both the geometric sizes and the
orientations of unit cells, the meta-deflector has totally different
responses to the incidence with opposite handedness, resulting
in the output cross-polarized waves transmitting into different
and independent directions. In the first step, theoretical design
is verified by full-wave simulations. Then the meta-deflector
prototypes are fabricated and experimentally measured. The
results demonstrate that the desired polarization-independent
refraction can be achieved in a wide frequency band without
any limitation of symmetry between two refracted waves carry-
ing orthogonal circular polarizations, suggesting promising
applications in wireless communication systems.

2. PRINCIPLES OF ASYMMETRICAL
REFRACTION FOR ORTHOGONAL
CIRCULAR POLARIZATIONS

We now describe the physical mechanism for the polarization-
independent refraction based on an ultra-thin aperture-type
metasurface. Figure 1 shows the schematic illustration of the
working principle of the proposed meta-deflector. When illu-
minated by different circularly polarized incident waves, the
meta-deflector can convert transmitted cross-polarized waves
with opposite handedness into two desired independent direc-
tions. Different from traditional beam deflectors, which exhibit
a characteristic of symmetry between two deflected waves with
opposite circular polarizations, the refraction angles of the
RHCP and LHCP transmitted waves are totally arbitrary and
irrelative in our proposed design.

The basic physics of the independent manipulation of
circular polarization can be considered as a combination of

geometric and propagation phases. The combination of these
two phases explains the synthesis of reverse symmetrical re-
sponse (caused by geometric phase to LHCP and RHCP)
and symmetrical response (caused by resonance phase to
LHCP and RHCP), which will lead to totally different re-
sponses under LHCP and RHCP illuminations. For specific
wavefront manipulations to be achieved, phase distributions
on the metasurface need to be calculated before the construc-
tion of the metasurface. The Jones matrix, which describes the
physical correlation between the transmitted wave and incident
wave, can be used to derive the phase delays for the x and y
polarizations required by the resonance phase and the rotating
angles required by the geometric phase.

The proposed metasurface can be regarded as an inhomo-
geneous anisotropic surface, which can efficiently link the
transmitted wave jΨ i and incident wave jλi by the Jones matrix
J . Now we suppose a monochromatic plane wave impinging
onto the proposed metasurface along the z axis, which can
be described as any arbitrary polarization state jλ�i. After pass-
ing through the metasurface, as desired, the transmitted output
wave needs to have an opposite handedness j�λ���i, while
acquiring a phase gradient αt along the x axis, which introduces
the off-axis refraction angle of the transmitted wave. This pro-
cess can be described as

jΨ�i � Jjλ�i � eiαt xj�λ���i, (1)

where x is the coordinate position of the unit cell along the x
axis. As for the orthogonal circularly polarized incident wave
jλ−i, the cross-polarized transmitted wave from the same meta-
surface could obtain the phase gradient βt (αt ≠ βt ), and this
process is described as

jΨ −i � Jjλ−i � eiβt x j�λ−��i: (2)

It is important to note that the metasurface performs as a nor-
mal refraction meta-device when jαt j � −jβt j, which realizes a
symmetrical refraction angle in only two orthogonal circular
polarizations of the incident wave.

In order to perform the transformation established by
Eqs. (1) and (2), the Jones matrix needs to be deduced, which
exhibits independent effects on the two opposite circularly
polarized incident waves. First, for the sake of simplicity, it
is assumed that the two orthogonal polarization states of inci-
dent waves jλ�i and jλ−i are expressed in circular polarization
states based on the linear polarization basis:

jλ�i � jLi �
�
1
i

�
, (3a)

jλ−i � jRi �
�
−1
i

�
: (3b)

By substituting Eq. (3) into Eqs. (1) and (2), the Jones matrix
can be obtained as follows:

J � 1

2

�
eiαt x � eiβt x −ieiαt x � ieiβt x

−ieiαt x � ieiβt x −ieiαt x − ieiβt x

�
: (4)

This required Jones matrix pledges the feasibility of arbitrary
refraction angles of transmitted waves with orthogonal
circular polarizations. In order to establish the transformational

Fig. 1. Schematic demonstration of a meta-deflector refracting
transmitted wave with orthogonal polarization states into arbitrary
and asymmetrical directions.
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relationship between the matrix and the construction of the
unit cell, it can be obviously seen that the Jones matrix is uni-
tary, which can be decomposed into its canonical form:

J � Q × A ×Q−1

�

2
64
cos

h
1
4 �αt − βt�x

i
sin

h
1
4 �αt − βt�x

i

sin
h
1
4 �αt − βt�x

i
− cos

h
1
4 �αt − βt�x

i
3
75

×
�
e
1
2�αt�βt �x 0

0 e
1
2�αt�βt �x−π

�

×

2
64
cos

h
1
4 �αt − βt�x

i
sin

h
1
4 �αt − βt�x

i

sin
h
1
4 �αt − βt�x

i
− cos

h
1
4 �αt − βt�x

i
3
75
−1

, (5)

where Q is the orthonormal matrix whose columns are the
eigenvectors of J, and A is the diagonal matrix whose elements
are the eigenvalues of J. Under the linear polarization basis, it is
observed from Eq. (5) that the eigenvectors of Q provide the
orientation angle θ of the unit cell at the specific location x, and
the eigenvalues of A offer the phase delays along the x and y
directions δx and δy, which can be concluded as follows:

δx �
1

2
�αt � βt�x, (6)

δy �
1

2
�αt � βt�x − π, (7)

θ � 1

4
�αt − βt�x: (8)

It can be seen that the combined phase modulation can be
achieved by artificially changing the geometric dimensions
(for propagation phase response) and rotation angle (for geo-
metrical phase response) of the unit cell at specific locations
simultaneously on the metasurface. According to Eqs. (6)–(8),
the construction parameters of the unit cell at any position
along the x axis can be confirmed by its phase delay δx, δy and
rotation angle θ when phase gradients αt and βt are confirmed.
In order to achieve independent control of LHCP and RHCP
incidences with high efficiency, the response of the unit cell
should fulfill: (1) the coverage of 2π in both φxx and φyy;
(2) φxx and φyy can be independently tuned, and the difference
between φxx and φyy is kept around π; and (3) the transmission
coefficient can be kept at a high value. Once the distinct func-
tionalities for orthogonal circular polarizations are fixed, the re-
quired phase interruption can be described by the Jones matrix.

3. DESIGN OF META-DEFLECTORS WITH
DESIRED PHASE PROFILE

Next, we describe how to design unit cells satisfying Eqs. (6)–(8)
simultaneously in order to establish a meta-deflector realizing
polarization-controlled refraction. If we consider that the re-
quired phase delays along the x and y directions are varied with
the position tuning in the x direction, we need to find a series of
unit cells whose structural size variation can affect the transmis-
sion phase both in the x and y directions directly. The working

frequency is set as f 0 � 10 GHz (λ0 � 30 mm). The unit cell
is composed of two metallic layers separated by a dielectric
substrate. Two concentric square ring-split apertures are made
in both metallic layers with 180° rotation angle, as shown in
Fig. 2(a). The symmetrical structure along the x and y axes en-
sures the suppression of the cross-polarized transmitted wave
under impinging linear incidence. For the sake of description
simplicity, one representative unit cell structure, whose side
length of the outer slotted square split ring l1 is 5.5 mm and
that of the inner ring l2 is 6.9 mm, is analyzed.

Figures 2(b) and 2(c) show the different amplitudes and
phases of transmission spectra of this representative unit cell.
The amplitudes of both T xx and T yy are as high as 0.9 at
10 GHz, indicating that the transmitted wave is occupied
mostly by a co-polarized wave, while the amplitudes of both
T xy and T yx are near zero, meaning that there is almost no
cross-polarized wave due to the symmetrical characteristics
of the unit cell. Unit cells with multi-layered structures can
be considered to further enhance the transmission coefficient
in a wide frequency band. Meanwhile, the resonant frequency
of unit cells with distinct geometric parameters l 1 and l2 could
be different from each other. The metasurface constructed by
unit cells with variable dimensions contains a series of resonant
frequencies, resulting in a broadband characteristic of the meta-
surface. On the other hand, Δφ � jφxx − φyyj � π (�π for
RHCP, −π for LHCP) proves that the implementation of a
π-phase difference can be achieved within a broad frequency
band spanning from about 9 GHz to 11.5 GHz, which is
in accordance with Eqs. (6) and (7). Hence, although different
dimensions of unit cells resonate at different frequencies, the
π-phase difference between x and y polarizations is maintained
over a wide frequency bandwidth, which guarantees the
good broadband operation performances of polarization-
independent refractions.

Figures 2(d)–2(g) report the simulation results of transmis-
sion amplitudes T xx and T yy and corresponding phase delays
φxx and φyy along the x and y directions changing with varying
l 1 and l2 under the illumination of x- and y-polarized incident
waves. It can be observed that there exists an area in the vicinity
along the diagonal line of l 1 � l 2, where the amplitude and
phase delay do not follow the same regularity as other areas,
attributed to the overlap of inner and outer split-ring apertures.
It is noted that the unit cells within this diagonal region, own-
ing simply one single square ring aperture with width w 0

(w < w 0 < 2w), would produce different frequency responses
from that of unit cells with double split apertures, which may
not fully satisfy the primary condition of π-phase difference
between orthogonal linear polarizations. Thus, unit cells in
this diagonal region are not selected to construct the metasur-
face structure. The white dotted lines in Figs. 2(e) and 2(g)
describe the relationship between phase delay φxx (φyy) and
corresponding variable side length l2 (l 1) with another geomet-
ric parameter l 1 (l 2) fixed, as extracted and shown in Fig. 2(h).
It can be seen that the phase variation covers nearly the range
of 2π. The phase jumps shown in φxx with l 1 � 5.5 mm [solid
line in Fig. 2(h)] within the region of 5.1 mm < l 2 < 5.9 mm
are caused by the overlap between the two square split-ring
apertures, which also appear in φyy with l 2 � 6.9 mm in
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the range of 6.5 mm < l 1 < 7.0 mm [dotted line in Fig. 2(h)].
Based on the results shown in Figs. 2(e) and 2(g), any unit cell
with specific construction parameters to realize the required
phase gradient along the x and y directions with π-phase differ-
ence can be selected directly and conveniently.

Obviously, the realization of anomalous refraction based on
a metasurface is in accordance with the generalized law of
refraction [45], which can be described as

sin�θt�nt − sin�θi�ni �
λ0
2π

dΦ

dx
, (9)

where θi and θt are the angles of incidence and refraction, ni and
nt are the refraction indices of the two media, λ0 is the wave-
length, and dΦ∕dx represents the phase gradient along the x axis
in the proposedmeta-deflector. Generally, there is a symmetrical
characteristic in a conventional meta-deflector for the refracted
wave with opposite handedness based solely on the geometric
phase, as schematically depicted in Fig. 3(a). In this paper, in
order to verify the feasibility of polarization-independent
refraction based on the metasurface, two meta-deflectors are
established.

For meta-deflector 1, two cross-polarized transmitted waves
with opposite handedness deflect to the same side with regard
to the propagation axis (z axis), and the phase gradients are set

as αt1 � 0.5k0 and βt1 � 0.25k0, where k0 is the wave number
(k0 � 2π∕λ0). By calculation, the transmitted refraction angle
can be obtained as −30° and −14.5° when the meta-deflector is
illuminated, respectively, by normally incident LHCP and
RHCP waves, as expressed in Fig. 3(b). Here, the refraction
angle is defined as the angle between transmitted wave and
the z axis, and the “+” and “−” labels stand for the transmitted
wave deflecting towards the�x and −x directions, respectively.
For meta-deflector 2, two orthogonal polarized waves deflect to
two sides with regard to the z axis, and the phase gradients are
set as αt2 � 0.67k0 and βt2 � −0.17k0. After calculation from
Eq. (9), the refraction angles obtained under LHCP and RHCP
incidences are −41.8° and �9.6°, as shown in Fig. 3(c).

On the basis of the determined phase gradients, the two
meta-deflectors are constructed with 25 unit cells along
the x and y directions, exhibiting a total dimension of
250 mm × 250 mm. The total thickness is about 0.069λ0
(h � 2.07 mm), implying an ultra-thin planar structure com-
pared to conventional optical applications. The phase delays δx
and δy and rotation angle θ at specific positions along the x
direction are calculated and shown in Figs. 3(d) and 3(e), re-
spectively. Appropriate unit cells are picked out based on the
phase profiles shown in Figs. 2(d) and 2(f ), which satisfy the

Fig. 2. (a) Schematic of the proposed polarization-controlled refraction meta-deflector; inset shows the unit cell structure with the lattice period
a � 10 mm, width of slot w � 0.2 mm, and gap length g � 0.2 mm, and the thickness of the substrate with relative permittivity εr � 4 is
h � 2 mm. Simulated transmission (b) amplitude spectra and (c) phase spectra of the unit cell with l 1 � 5.5 mm and l2 � 6.9 mm.
Simulated transmission (d) amplitude T xx and (e) phase delay φxx along the x direction, and transmission (f ) amplitude T yy and (g) phase delay
φyy along the y direction as functions of two side lengths l 1 and l2 changing from 3.5 mm to 7.0 mm with the other geometric parameters fixed.
(h) Simulated phase delay φxx and φyy corresponding to the white dotted lined in (e) and (g), respectively.
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requirement of phase delays for x- and y-polarized incident
waves, as exhibited in the insets in Figs. 3(f ) and 3(g). The
detailed construction parameters of the collected unit cells
for the two meta-deflectors are shown in Tables 1 and 2, re-
spectively. The simulated results of transmission phase delays

δx and δy for each collected unit cell for the two meta-deflectors
are presented in Figs. 3(f ) and 3(g), respectively, which are in
accordance with the desired calculation in Figs. 3(d) and 3(e).
The phase difference between δx and δy maintains π and effi-
ciently guarantees conversion of circular polarization.

4. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the performances of the designed meta-
deflectors, full-wave simulations based on the finite difference
time-domain (FDTD) technique are conducted at 10 GHz
(λ0 � 30 mm). The schematic of the experimental setup is pre-
sented in Fig. 4(a), and the whole experimental measurements
are conducted in a full anechoic chamber. A 2 GHz to 18 GHz
dual polarized wideband horn antenna is adopted as the feeding
source to launch the quasi-plane wave (LHCP and RHCP),
which is placed at a distance d > 20λ0 away from the metasur-
face under test. The fabricated sample and receiver horn an-
tenna are placed on a turntable to provide angular scanning.
The electric field intensity distribution is recorded by a vector
network analyzer (Agilent 8722 ES), which connects the source
horn antenna and the receiver antenna simultaneously.

Table 1. Geometric Parameters of Selected Unit Cells
for Meta-Deflector 1

Unit Cell No. 1 2 3 4 5 6 7 8

l 1 (mm) 5.5 5.3 4.7 7.0 6.9 6.7 6.2 5.7
l 2 (mm) 6.9 6.7 6.2 5.7 5.5 5.3 4.7 7.0

Fig. 3. Design of meta-deflectors for realizing polarized-independent refractions. (a) Schematic of the traditional deflector based on only geometric
phase. Schematics of designed (b) meta-deflector 1 and (c) meta-deflector 2 for polarization-independent arbitrary refraction of the transmitted wave
without symmetry for two opposite handednesses. Calculated phase delay δx, δy and rotation angle θ as functions of the coordinate of the unit cell
along the x direction for (d) meta-deflector 1 and (e) meta-deflector 2. Simulation results of transmitted phase delay φxx, φyy and difference Δφ for
collected unit cells for (f ) meta-deflector 1 and (g) meta-deflector 2.

Table 2. Geometric Parameters of Selected Unit Cells
for Meta-Deflector 2

Unit
Cell No. 1 2 3 4 5 6 7 8 9 10 11 12

l 1 (mm) 5.5 5.4 5.1 4.1 7.0 7.0 6.9 6.8 6.6 6.3 5.9 5.6
l 2 (mm) 6.9 6.8 6.6 6.3 5.9 5.6 5.5 5.4 5.1 4.1 7.0 7.0
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The metasurface samples are fabricated with the classical
printed circuit board (PCB) technique, which is briefly de-
scribed as follows. First, the polyfluortetraethylene dielectric
substrates with double copper-cladding layers are prepared.
Then the copper surface treatment is conducted for the dry
film adhesion purpose, which is used as sensitive material to
record printed circuit structures by exposure to ultraviolent
(UV) rays. After the exposure process, the non-sensitizing
dry film needs to be rinsed by a sodium carbonate photoresist
developer. Furthermore, the exposed copper-covered areas are
eliminated by a specific etching liquid and inner layer etching is

performed. Finally, the process of black oxide for surface rough-
ening and oxidization prevention is completed. Based on this
PCB technique, the metasurface samples are fabricated and
shown in Figs. 4(b) and 4(c), where the insets show the cor-
responding enlarged illustrations of a super-cell of meta-deflec-
tors for a clearer view. It can be observed that the quality of
fabricated samples is in accordance with our initial design
requirements also at the level of meta-atom building.

For sample 1, Figs. 4(d) and 4(e) display the simulated phase
fronts of cross-polarized components under the illumination of
RHCP and LHCP incidence, respectively, indicating clearly

Fig. 4. (a) Schematic of the experimental setup for far-field measurement. Photographs of fabricated (b) meta-deflector 1 and (c) meta-deflector 2
(top views); insets are enlarged illustrations of corresponding super cells. (d)–(k) Simulation and measurement results of transmitted cross-polarized
waves emitted from meta-deflectors 1 and 2. For meta-deflector 1, (d) and (e) show simulated phase fronts of cross-polarized components in the
transmitted field under RHCP and LHCP incidence. (f ) and (g) show measured far-field distributions of cross-polarized components in the trans-
mitted field under RHCP and LHCP incidence. For meta-deflector 2, (h) and (i) show simulated phase fronts of cross-polarized components in the
transmitted field under RHCP and LHCP incidence. (j) and (k) show far-field distributions of cross-polarized components in the transmitted field
under RHCP and LHCP incidence.

Research Article Vol. 7, No. 1 / January 2019 / Photonics Research 85



that the transmitted wave is deflected from the z axis by 14° and
30°, which are in good agreement with the theoretical calcula-
tions based on Eq. (9). The measured far-field intensity distri-
butions of the cross-polarized components under incidence
with different polarizations are presented in Figs. 4(f ) and 4(g),
as the function of frequency (9.0–11.5 GHz) and detection
angles (−90° to 90°). It can be observed that the operation
bandwidth of meta-deflector 1 is about 2.5 GHz with a relative
bandwidth of 25%, where the LHCP and RHCP components
in the transmitted field are obviously deflected into the required
directions. Similarly, Figs. 4(h)–4(k) indicate corresponding
simulated performances of meta-deflector 2. Both simulations
of cross-polarized phase fronts and the measurements of
normalized far-field intensity distributions are in accordance
with the expected results shown in Fig. 3(c). It can be clearly
observed that when meta-deflector 2 is illuminated by an
RHCP plane wave, the cross-polarized transmitted wave devi-
ates from the z axis to the �x direction with 9°, whose phase
front and far-field intensity profile are exhibited in Figs. 4(h)
and 4(j). When illuminated by the LHCP incident plane wave,
the phase front and far-field intensity profiles of the cross-po-
larized RHCP component all reveal the refraction characteristic
of 41°, as depicted in Figs. 4(i) and 4(k).

Within this operating bandwidth, the lightest areas express
the maximum value of far-field intensity distribution, and
the refraction angle slightly changes against frequency, which
can be understood as frequency dispersion, as expressed in
Eq. (9). Furthermore, the dispersion problem could be
solved by designing achromatic plasmonic components with

compensation between structure and material dispersion [46],
or by applying unit cells with true-time-delay characteristics.

In addition, the simulated and measured efficiencies of the
meta-deflectors are evaluated and presented in Fig. 5. Here the
transmission efficiency (TE) describes the transmittance char-
acteristic of meta-deflectors, which can be calculated by the
ratio of far-field intensity between the transmitted wave and
incident wave. It can be seen in Figs. 5(a) and 5(b) that more
than half of the incident energy can be transmitted by both
meta-deflectors within the operation bandwidth, while the lost
part of incident energy is caused mainly by inevitable reflections
and substrate losses. On the other hand, conversion efficiency
(CE) is defined as the ratio of the far-field intensity carried by
the cross-polarized component to that carried by the whole
transmitted wave, revealing the conversion ability of the meta-
deflectors. As indicated in Figs. 5(c) and 5(d), the CE under
LHCP incidence approaches 70%, and that under RHCP is
about 80%.

As mentioned above, π-phase difference between x- and
y-polarized responses is absolutely necessary for the cross-
polarization conversion, and a high CE of each unit cell is
ascertained by both high amplitude responses to x and y polar-
izations. However, it should be noted that within the frequency
band of 9 GHz to 11.5 GHz, unit cells exhibit different
amplitude responses to orthogonal linearly polarized incidences
with the realization of a π-phase difference, and thus a discrep-
ancy between the amplitudes of opposite circularly polarized
components occurs, resulting in different CEs of meta-
deflectors for LHCP and RHCP incidences.

Fig. 5. Simulated and measured efficiencies of proposed meta-deflectors under opposite circularly polarized incidences. Transmission efficiencies
of (a) meta-deflector 1 and (b) meta-deflector 2. Conversion efficiencies of (c) meta-deflector 1 and (d) meta-deflector 2. Black-thick lines represent
LHCP incidence, while red-fine lines are for RHCP incidence; solid lines indicate measured efficiency, while dashed lines express simulated
efficiency.
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Furthermore, the meta-deflectors are constructed with unit
cells having similar structural properties and different geometric
dimensions, which may resonate at different frequency points
and further lead to peaks in TEs. As for CEs, the primary
influence factor is phase modulation, including phase interrup-
tion of each unit cell and constant phase interval between
adjacent unit cells, which is fulfilled meticulously within the
broadband width. Thus the CE curves are much smoother than
TE curves. Nevertheless, the amplitude property has to be
partly sacrificed for the phase conditions, leading to the fact
that TEs cannot approach unity in the whole operation fre-
quency band.

For the PCB technique used in fabrication in the microwave
region, standard fabrication tolerance is 0.05 mm for copper-
layer etching. Simulation results (not shown in the paper) have
shown that the fabrication error has very little influence on the
transmission coefficient and phase delay. The possible misalign-
ment between front and back split-ring apertures that can be
caused by fabrication error also has almost no influence on the
response of the unit cell. Thus, the fabricated meta-deflectors
can indeed achieve the preset polarization-independent refrac-
tions within the fabrication tolerance.

5. CONCLUSION

To summarize, a general scheme to design broadband ultra-
thin metasurfaces for polarization-independent manipulation
of an EM wave is presented in this paper. Two transmissive
aperture-type meta-deflectors are proposed for arbitrary and
asymmetrical refraction under orthogonal circularly polarized
incidence in the microwave region. With the validation of theo-
retical calculations, full-wave simulations and experimental
measurements have been performed for a proof of concept
in the microwave region. The designed meta-deflectors have
shown the ability to deflect transmitted waves into desired
directions independently with high CE in a wide frequency
range. Moreover, the deflected angles are independent of the
incidence polarization. The design method proposed in this
paper can be utilized to meet various requirements of micro-
wave wireless communication systems, and stimulate the
realizations of other performances and functionalities, as well
as in other frequency regimes.
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