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Achieving flexible and highly directive emissions toward
pre-designed directions has intrigued long-held interest in
both science and engineering community, but most avail-
able efforts suffer the issues of bulky size, limited function-
alities, and low efficiency. Here, we propose a general strat-
egy to efficiently and flexibly control the emission beams
with dual functionalities realized independently by orthogo-
nal excitations. To overcome the polarization cross-talking,
a novel planar multi-mode anisotropic meta-atom is
designed by incorporating the screening effect of a sur-
rounding wire loop. As the result, we can design the
polarization-dependent phase profile under certain po-
larization, without worrying about their influences on
the other polarization. As an illustration, two proof-
of-concept metasurfaces are actualized at microwave
frequencies, of which one combines the function-
alities of focused-beam and large-angle multibeam
emissions while another hybrids the functionalities of
beam-steering and small-angle multibeam emissions.
Theoretical, full-wave simulation, and experimental re-
sults are in excellent agreement with each other, which
collectively demonstrate the desired performances of our
bifunctional devices. Our proposed strategy paves the
way to realize high-performance multifunctional optical
devices with high integration and complex wavefront
manipulations.

1 Introduction

Highly directive emissions with flexible beam numbers
and beam directions are highly desirable in modern
smart communication systems. This is especially true

for the multiple pencil beams with arbitrary directions
which have intrigued numerous applications such as
direct broadcasting, satellite communications, multi-
ple target radars, SAR, MIMO and surveillance systems.
Available strategies to achieve such target include using
zero-refractive-index metamaterials [1–3] and gradient-
refractive-index metamaterials [4–6]. Though pencil
beam was realized with high gain, the whole emission
systems featured bulky, lossy, high cost and posed dif-
ficult fabrication challenges. Metasurfaces, planar ver-
sions of metamaterials [7, 8], have recently attracted
significant interest in both science and engineering com-
munity, since they exhibited unprecedented control ca-
pabilities on electromagnetic (EM) waves and overcame
certain drawbacks of bulk metamaterials. Via manip-
ulating the abrupt phase discontinuities on the meta-
surfaces, researchers have demonstrated the generalized
laws of reflection/refraction [8], high-efficiency conver-
sion of propagating wave (PW) to surface wave (SW)
[9], and other fascinating effects [10, 11]. Accompa-
nying the phase control, independent control on the
magnitudes of waves scattered from different meta-
atoms was also implemented to realize more sophisti-
cated wavefront manipulations [12, 13]. The concept of
coding metasurface was also proposed to control EM
waves by performing digital signal processing [14]. Re-
cently, an elegant strategy was proposed to overcome the
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functionality variations in the frequency response of
metasurfaces caused by the dispersion of the meta-
atoms [15]. Many applications were demonstrated based
on metasurfaces, such as broadband anomalous re-
flection/refraction [16–20], flat lensing [21–24], quarter-
wave plate [25], vortex-beam generation [26, 27], surface
plasmon couplers [28], metamirrors [29] and holograms
[30–32].

On the other hand, much attention was paid to meta-
surfaces constructed by anisotropic meta-atoms which
possess polarization-dependent capabilities to control
the EM wavefronts [33–40]. Unfortunately, most meta-
surfaces realized so far exhibit identical/similar func-
tionalities (say, anomalous beam steering) for different
incident polarizations [33–35]. Moreover, the adopted
anisotropic meta-atoms (nano-bricks or I-shaped struc-
tures) exhibit undesired polarization cross-talking which
are inconvenient for fast designs of bifunctional meta-
devices, since changing one parameter of the meta-atom
can influence the functionalities related to both polar-
izations. Such issue is more severe for designing meta-
devices with more complex functions, which typically
require two-dimensional (2D) parameter searching to re-
alize the desired phase profiles for two polarizations.
This distinguished from aforementioned beam steer-
ing which only requires one-dimensional (1D) structure
variations for each polarization. Although polarization-
controlled dual-beam and diffusion-beam scatterings
were recently integrated in one single plate using cod-
ing methods, significant normal reflections and asym-
metric amplitude were observed in dual-beam channel
[39]. Meanwhile, holographic metasurface was utilized
to realize double-beam radiations based on isotropic
meta-atoms [41], but the emissions cannot be flexibly
controlled and require simultaneous two excitations. In
analogue to metasurfaces in terms of spatial phase con-
trol, reflectarrays/transmitarrays were overwhelmingly
investigated in conventional EM community to realize
high-gain focused beam, steering beam and multiple
pencil beams [42–44]. We note that the beam steering
realized by active devices such as diodes may induce
large power loss and worsened gain, and the parasitic
radiation arising from the bias lines also degrades the
performance. Most importantly, the commonly utilized
nano rods exhibits undesired polarization cross-talking
which hinders the hybrid functionality integration. To
date, combining two aforementioned emission function-
alities in a single array is rarely seen.

Here, we propose a strategy to efficiently design
a bifunctional metasurface, by adopting a carefully
designed anisotropic meta-atom exhibiting low po-
larization cross-talking. Different from the beam

Figure 1 Schematic illustration and working principle of two flexi-
ble emission systems based on two bifunctional metasurfaces. (a,
b) For emission system I, the metasurface functions as (a) a lens
to focus the beam and (b) a beam splitter to generate quad large-
angle pencil beamswith polarizations E‖x and E‖y, respectively. (c,
d) For emission system II, the metasurface functions as (c) a beam
deflector to steering the beam and (d) a beam splitter to generate
quad small-angle pencil beams with polarizations E‖x and E‖y, re-
spectively.

spliting based on generalized Snell’ law [39], the
multi-beam radiations were realized with very low
sidelobes and symmetric amplitudes based on array
theory and elegant optimizations. The big difference
between metasurfaces and reflectarrays/transmitarrays
is the deeply subwavelength-scale meta-atoms em-
ployed in the former case which are capable of notably
relaxing the sensitivity and effects of large-angle oblique
incidence to emissions. We designed and fabricated
two proof-of-concept meta-devices, each combining
two distinct complex functionalities including steered-
beam, focused-beam and multi-beam directional
emissions (see Fig. 1). In both cases, the complicated
phase profiles for two distinct functionalities require 2D
geometrical-parameter searching and thus our strategy
can save lots of time in designing such devices. The
flexibly-controlled highly directive emissions with mul-
tifunctionalities have huge fascinations and prospects to
conveniently integrate complex systems with low costs.

2 Strategy for low polarization-crosstalking

For an arbitrary anisotropic metasurface under the
Cartesian coordinate system, we require four variables to
describe the phase gradients ξ x(x), ξ y(x), ξ x(y) and ξ y(y)
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along different directions under different polarizations,

[
ξx(x) ξy(x)
ξx(y) ξy(y)

]
=

⎡
⎢⎣

∂ϕx(x, y)
∂x

∂ϕy(x, y)

∂y
∂ϕx(x, y)

∂x
∂ϕy(x, y)

∂y

⎤
⎥⎦ (1)

Here x or y in the subscript of ξ x(x), ξ y(x), ξ x(y) and
ξ y(y) denotes the gradient direction, whereas that in the
bracket represents the polarization direction. We thus
have four degrees of freedom to describe and design
anisotropic metasurface. According to the generalized
Snell’s law, the transverse (kx and ky) and longitudinal
(kz) wave vectors of the EM wave scattered by the meta-
surface (shined by a normally incident EM wave) are
given by

⎧⎪⎨
⎪⎩

kx(x/y) = ξx(x/y)
ky(x/y) = ξy(x/y)

kz(x/y) =
√

k0
2 − k2

x(x/y) − k2
y(x/y)

(2)

Eq. (2) shows that the wave-vector of the scattered EM
wave can be controlled by both the incident polarization
and the related phase gradient. These expanded free-
doms are extremely helpful to achieve diversified EM
characteristics. In practice, one typically obtains the de-
sired ξx(σ )and ξy(σ ) properties through changing the ge-
ometrical parameters of the meta-atom which are sen-
sitive to the σ -polarized EM wave. However, for many
meta-atoms with polarization cross-talking, the varia-
tion of structural parameters along the x direction of-
ten strongly affects the phase gradients/profiles related
to the y-polarization, and thus making it hard (if not im-
possible) to realize an accurate and fast design for the
four gradients simultaneously.

To address above issue, we design a meta-atom ex-
hibiting nearly negligible polarization cross-talking, such
that the four phase gradients can be independently de-
signed. The proposed anisotropic meta-atom contains
two identical composite metallic resonators and a con-
tinuous metal plate separated by two dielectric spac-
ers (2.5 mm –thick F4B board with εr = 2.65+0.001i),
see Fig. 2a. To diminish the polarization cross-talking
and broaden the bandwidth, we purposely designed the
metallic resonator to contain both a metallic cross and
an external wire loop. These two structures resonate at
two different frequencies. Since the meta-atom is elec-
trically subwavelength (0.277λ at 10 GHz), the two reso-
nant modes can be quantitatively described by an equiv-
alent circuit model (CM) shown in Fig. 2b, where the
lower and upper mode around f1 and f2 are physically
modeled by a series resonant tank formed by L1, C1,
R1, and L2, C2, R2, respectively. Here, L, C and R rep-

resent the effective inductance, capacitance, and resis-
tance (absorption) of the circuit. Figure 2c compares
the spectra of reflection phase and amplitude for the
single-layer and double-layer meta-atoms (Fig. 2a) based
on finite-difference-time-domain (FDTD) calculations.
In the single-layer case, two reflection dips are clearly ob-
served around f1 = 6.12 and f2 = 9.9 GHz, resulted from
two magnetic resonant modes generated by the cou-
plings between the cross and its surrounding loop with
the metallic ground plane, evidenced by the reversed
currents on metallic patterns and ground plane as shown
in Fig. 2g. Cascading the two resonances appropriately
can significantly enhance the working bandwidth. Full-
wave simulations (lines) are in good agreements with the
CM calculations (symbols). When adding another res-
onator to form a double-layer meta-atom, couplings be-
tween different layers split the two resonances into four
(dashed lines in Fig. 2c), and thus the working bandwidth
is further enhanced, providing us more freedoms to en-
gineer the phase slope. As depicted in Fig. 2d, changing
ly from 0.5 to 3.65 mm leads to a large phase variation ϕy

of near 380o (full 360° cover), while changing lx has nearly
no effects (37o phase shift of ϕy) on the spectra. The latter
is highly desired indicating that the y-polarized response
of our meta-atom is only sensitive to ly but is very in-
sensitive to lx. Symmetry consideration implies that the
same conclusion can be drawn if we interchange the in-
dexes x and y.

In contrast, the polarization cross-talking effect is
strongly enhanced if we remove the external wire loop
from the resonator. As shown in Fig. 2e, in such a case the
maximum variation of ϕy is only 161o due to changing ly

but can be as high as 83o due to changing lx. Obviously,
adding an external wire loop can significantly degrade
the polarization cross-talking effects. The underlying
physics of such an intriguing phenomenon can be un-
derstood by checking the field distributions on the cross-
bar layers for the resonant modes associated with the
�E ||ŷ polarization in two different meta-atoms, as shown

in Fig. 2g. Due to screening effect of the surrounding
wire loop, the excited EM field is more strongly localized
to the vicinities of the cross. In particualr, the loop-bar
coupling generates electric currents on the loop which
significantly counteract the currents induced on the x-
oriented bar, thereby making the mode rather insensitive
to the parameter lx. In contrast, non-negligible currents
always exist on the x-oriented bar in the cross-only meta-
atom even for the mode associated with the �E ||ŷ po-
larization, generating the polarization cross-talking. Fur-
ther calculations (see Supporting Information) indicate
that the decrease of w improves the polarization cross-
talking property but weakens the capability of phase
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Figure 2 Illustration of the anisotropic meta-atoms without polarization cross-talking. (a) Topology of the dual-layer and single-layer
anisotropicmeta-atomsusing composite cross bar and cross loop. (b) Illustration of geometrical parameters and equivalent circuitmodel.
(c) Reflection coefficients of the single-layer and dual-layermeta-atoms in broad frequency spectrum, the circuit parameters are retrieved
as L1 = 10 nH, C1 = 0.05 pF, L2 = 0.675 nH, C2 = 0.108 pF, R1 = 2.5 �, R2 = 0.31 �, Zc = 285.8 � and ho = 29.8o. Reflection coefficients
of the dual-layer meta-atoms (d) with and (e) without external wire loop in cases of different lx and ly. (f) Reflection coefficients of the
dual-layer meta-atoms as a function of ly at different frequencies of 9, 9.5, 10 and 10.5 GHz when lx = 2 mm. The residual geometrical
parameters are px = py = 8.3 mm, rx = ry = 8.1 mm, lx = ly = 3.65 mm, d1 = d2 = 0.25 mm and w= 1 mm. All results are calculated under
the excitation of y-polarized incident waves. (g) Current distributions on metallic patterns of the cross-only (left and middle panel), and
cross-loop dual-layer meta-atoms (right panel).

accumulation. Moreover, it is advisable to select a region
far from the resonances to design our meta-atom with
highly suppressed polarization cross-talking, as shown
by the grey region of Fig. 2d. With the criterion to de-

sign our meta-atom known, we now show the band-
width performance of the meta-atom. As illustrated in
Fig. 2f, the reflection magnitude remains stable and is
larger than 0.97 as ly varies within 0.5�3.65 mm at four
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representative frequencies, indicating a satisfactory am-
plitude uniformity. More importantly, the four phase
curves are almost parallel with each other and all ex-
hibit good linear dependences on ly in a large parameter
region. One may easily expect that our meta-atom can
work well in all frequencies lying in 9�10.5 GHz, where a
full 360o phase coverage and near-unity magnitude can
be simultaneously obtained by varying ly.

3 Bifunctional metasurface design and results

We now employ the proposed anisotropic meta-atom
to design a bi-functional metasurface (denoted as sam-
ple I) to realize high-gain focused-beam and quad-beam
emissions, trigged respectively, by x-polarized and y-
polarized free-space excitations. The square metasurface
occupies an area of D×D = 224×224 mm2 and is fed
by a conical horn, see Fig. 3a. It is designed at f0 = 10
GHz and composed of 27×27 anisotropic subwavelength
meta-atoms each with a size of 8.3×8.3 mm2. For both
excitations, the feed is placed F = 125.5mm away from
the center of the metasurface (see inset to Fig. 3a and the
device topology shown in Supporting Information). The
ratio of foci to diameter is F/D = 0.56, which is very ben-
eficial to avoid the spillover radiation. To engineer the
highly directive focused beam, a parabolic phase profile
(Fig. 3c) is necessary which is determined by ϕ(m, n) =
2π(

√
(mp)2 + (np)2 + F 2−F )/λ, where m and n label the

position of a specific meta-atom along x and y axes, and
F is the focal length. For easy characterization without
loss of generality, the four pencil beams are chosen as ϕ

= 0o, 90o, 180o and 270o, respectively in both quadbeam
syntheses and θ = 40o in this particular design. Using the
alternating projection method (APM) introduced below,
we can synthesize the phase profile to exhibit desirable
quad-beam emissions.

The finally optimized radiation pattern and phase
distribution are shown in Fig. 3b and 3d. Four pencil
beams with uniform amplitude and high directivity can
be clearly seen from the three-dimensional (3D) radia-
tion pattern of the metasurface (see Fig. 3b). All beams
are precisely directed to the angles at (ϕ1 = 0o, θ = 40o),
(ϕ2 = 90o, θ = 40o), (ϕ3 = 180o, θ = 40o) and (ϕ4 =
270o, θ = 40o), which coincide well with our predeter-
mined target. Moreover, the side-lobe level is below −38
dB, which is quite desirable. The phase distribution of
the quad-beam array exhibits two-fold symmetry along
x and y directions, yielding a 2D hyperbola-like phase
profile with four regions separated by two diagonals (see
Fig. 3d). Following the general design procedure devel-

oped for any bifunctional devices in Supporting Infor-
mation, we can easily determine the metasurface layout
by conducting a geometrical mapping process based on
a root finding algorithm and phase-parameter database
(see Fig. 2f). Thanks to the polarization irrelevance prop-
erties of the meta-atom, the geometrical parameters lx

and ly can be separately determined by two polarization-
dependent phase profiles ϕx(x, y) and ϕy(x, y), respec-
tively. As is shown in Fig. 3a, a 2D distribution of both lx

and ly across the metasurface is clearly seen.
We fabricated a sample according to the design and

characterized its EM performance through both near-
field and far-field measurements, utilizing experimen-
tal setup shown in Supporting Information. Figures 3e
and 3f depict the measured field distributions for Ex

and Ey at four representative frequencies. As shown in
Fig. 3e, the electric fields reflected from the metasurface
are focused to a spot on the x-y plane at all frequen-
cies studied. As such, the different optical paths from the
feed to metasurface are precisely collimated. The spot
size is obviously decreased as frequency increases due
to the shrinking of wavelength. On the other hand, four
clear sub-spots with localized intensities are clearly ob-
served in Fig. 3f, reinforcing the quad-beam emissions
for the y-polarization observed from the far-field mea-
surements (see Fig. 4). For both single-beam and quad-
beam channels, the slightly distorted fields at the low
and upper edge frequencies can be attributed to the
worsened phases induced by the intrinsic Lorenz disper-
sions of resonant meta-atoms [20]. The functionalities
of our device can be directely seen from Fig. 4a, where
FDTD calculated 3D radiation patterns are shown at four
representative frequencies. As is expected, we get com-
pletely different diagrams for wave-front control under
two orthogonal polarizations (two channels). For x po-
larization (single-beam channel), highly directive pencil
beam is clearly seen at all frequencies, where a peak gain
of G = 24.5 dB is found at f0 = 10 GHz and the aper-
ture efficiency is calculated as 40.2% according to η =
λ2G/4π D2. However for y polarization (quadbeam chan-
nel), four symmetric pencil beams are clearly inspected
at all frequencies studied, with a peak gain of near 17.5
dB at f0 = 9.7 GHz for each beam. Therefore, an aperture
efficiency of 33.9% is achieved for quadbeam channel ac-

cording to η = λ2
4
�

i=1
Gi/4π D2. The feed blockage poses

negligible effect to device performance (see Supporting
Information), where simulated and measured return loss
is better than −12.3 dB across the entire observed band
for two polarizations. As shown in Fig. 4b, the gain for
single-beam channel is better than 23 dB within 9.2�10.5
GHz. The aperture efficiency varies from 28.4% to 43.3%
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Figure 3 Design and near-field characterization of the bifunctional metasurface I with focused-beam and quad-beam directive emis-
sions. (a) Photograph of the fabricated sample, the inset shows the conical feed horn and zoom-in view of the sample. (b) Theoretically
calculated 3D quad-beam radiation patterns at 10 GHz. Objective phase distribution as a function of element position for (c) focused-
beam and (d) quad-beam emissions under x-polarized and y-polarized excitations. Measured (e) Ex and (f) Ey distributions (real parts) of
the bifunctional metasurface at 9.2, 9.5, 10 and 10.5 GHz in x-y plane under x-oriented and y-oriented polarization, respectively, with the
probing waveguide placed 90 mm away from the feed horn. The conical horn with an aperture size of 44×24 mm2 was designed with 10
dB gain, low sidelobes, and good impedance match at fo = 10 GHz.

and the gain variation is less than ±1 dB, leading to a 1 dB
gain bandwidth of 13%. For quad-beam channel, the to-
tal gain is better than 22 dB while the gain variation is less
than ±1 dB within 9.4�10.6 GHz, where the aperture effi-
ciency changes from 21% to 32.3%. The spillover loss and
scanning loss of each oblique beam account for the rel-

atively lower gain in quad-beam channel. A larger aper-
ture size would be able to narrow the gain gap between
these two cases.

Detailed performance of such bifunctional metasur-
face can be seen from Figs. 4c and 4d where the 2D
radiation patterns of our device are shown in x-z (H)
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Figure 4 Far-field characterization of the emission system I based on bifunctional metasurface I under x-polarized and y-polarized nor-
mally incident plane waves. (a) Side view (tow row) and bottom view (bottom row) of the FDTD simulated far-field radiation patterns at
four representative frequencies. (b) Measured gain and efficiency, the gain is a sum of four beams in quadbeam channel. (c) Simulated
andmeasured radiation patterns in x-z plane at 9.2, 9.5, 10 and 10.5 GHz for x polarization. (d) Simulated andmeasured radiation patterns
in x-z plane at 9.4, 9.7, 10 and 10.5 GHz for y polarization. Each pattern is normalized to the peak value of the main beam.

plane. Similar y-z (E) plane patterns can be found in Sup-
porting Information. Among all cases, measurements are
in reasonable agreement with simulations, further val-
idating our design. For the y-polarization case, we ob-
serve two obvious pencil beams efficiently formed in
each plane with almost equal intensity (tolerance less
than ±0.54 dB) and desirable symmetry. The half-power
beam-width (HPBW) of a typical beam is calculated as
�10o, which is much less than that of the bare horn
(�55o). Moreover, the main beam is directed to 44o,
41o, 40o and 38o at 9.4, 9.7, 10 and 10.5 GHz, respec-
tively. Such a frequency dependence of θ is quite phys-
ical since the metasurface becomes effectively enlarged
in size though its physical size remains unchanged. The
side-lobe level around boresight is better than −10.2 dB
within 9.4�10.5 GHz and is around −20 dB for most el-
evation angles. In all cases, the cross polarization is ap-
proximately 25 dB lower than the co-polarization peak.
For x polarization, a highly directive pencil beam occur-
ing at θ = 0o is clearly observed at all frequencies studied.

The HPBW is about 7o and the measured cross polariza-
tion is less than −29.8 dB in all cases. To sum up, the pre-
dicted two functionalities of our metasurface have been
unambiguously demonstrated by both simulations and
experiments.

We next design another bi-functional metasurface
(denoted as sample II) using the same approach and the
same type of meta-atoms. For this device, we integrate a
linear phase profile and hyperbola-like phase profile into
an ultrathin plate to realize two functionalities: beam-
steering for x polarization and small-angle quadbeam
emissions for y polarization. The steering angle is de-
signed as 37o at 10 GHz by changing lx while the direc-
tions of the quad beams are engineered as θ = 30o at
10 GHz by changing ly. Again, the twofold symmetric
quadbeam phase distribution is synthesized by utilizing
the APM algorithm in Matlab. The linear profile is deter-
mined by ϕ(x) = 2π(n − 1) px sin θ/λ, where n is the ele-
ment number belonging to [1, N] and θ is elevation angle
defining beam direction relative to the boresight.

C© 2017 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (7 of 12) 1700045www.ann-phys.org
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Figure 5 Design and near-field characterization of the bifunctional metasurface II with beam-steering and quad-beam directive emis-
sions. (a) Photograph of the fabricated sample, the inset shows zoom-in view of the sample and the sequentially changed lx for the linear
gradient is 3.65, 3.2, 2.6, 2.31, 2.1 and 1.83mm. (b) Theoretically calculated 3D quad-beam patterns at 10 GHz. Objective phase distribu-
tion as a function of element position for (c) beam-steering and (d) quad-beam emissions under x-polarized and y-polarized excitations.
(e) Diffraction efficiency of different orders as a function of frequency. The efficiency was defined as the ratio between reflected power

(
∫ θ−1/2
−900 P(θ)dθ ,

∫ θ1/2
θ−1/2 P(θ)dθ and

∫ 900

θ1/2 P(θ)dθ with θ−1 and θ1 being the reflection angles of m = -1 and m = 1 mode) and the totally

reflected power (
∫ 900

−900 P(θ)dθ ). (f) Measured Ey distributions (real parts) of the bifunctional metasurface in x-y plane at 9.2, 9.6, 10 and
10.6 GHz under y polarization, with the probing waveguide placed 70 mm away from the feed horn.

The metasurface consist of 31×31 subwavelength
meta-atoms and occupies an area of D×D = 257.3×257.3
mm2, see Fig. 5a and the device topology shown in
Supporting Information. lx is periodically changed only
along x direction, while a 2D change of ly across the
metasurface is clearly seen. For x polarization, a big-
ger tapered horn with aperture size of 120×90 mm2 is
positioned at Fx = 400 mm away from the metasur-
face to guarantee an efficient plane-wave excitation. For

y polarization, we used the previously utilized smaller
horn to normally shine the metasurface at a distance
of Fy = 154.4 mm (F/D = 0.6). As expected in Fig. 5b,
four beams with uniform intensity are achieved along
x and y axis, respectively. All beams are precisely di-
rected to θ = 30o off broadside and all sidelobes are
suppressed below −32 dB, indicating an effective design
and optimization process. As depicted in Fig. 5c, the de-
signed phases are constant along y direction while are
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Figure 6 Far-field characterization of the emission system II based on bifunctional metasurface II under x-polarized and y-polarized
normally incident plane waves. (a) FDTD simulated far-field radiation patterns at four representative frequencies for x polarization (tow
row) and y polarization (bottom row). (b)Measured gain and efficiency, the gain is a sumof four beams in quadbeamchannel. (c)Measured
radiation patterns in x-z plane at 9.5, 9.8, 10.3 and 10.5 GHz under x polarization, here numerical patterns in beam-steering channel are
not given due to computational memory constraints. (d) Simulated and measured radiation patterns in x-z plane at 9.2, 9.6, 10 and 10.6
GHz under y polarization. Each pattern is normalized to the peak value of the main beam.

progressively increased along x direction with a constant
gradient (ϕx(i+1)(x) − ϕx(i)(x)= 60o, i = 1, 2, 3, 4, 5, 6). The
metasurface using such a supercell enables a beam steer-
ing behavior predicted by θ = arcsin λp/6 px. As shown in
Fig. 5d, a hyperbola-like phase profile across the aper-
ture is clearly seen. As expected in Fig. 5e and Figure S6b
in Supporting Information, numerical and experimen-
tal results coincide well those predicted by the general-
ized Snell’s law [8]. Our device works well within 9.6�10.7
GHz where the anomalous mode (m = 1) dominants (the
conversion efficiency is more than 72% and the peak effi-
ciency is 95 and 89% in numerical and experimental case
at 9.7 GHz) while the normal mode (m = 0) and first-
order diffraction mode (m = −1) are significantly sup-
pressed, corresponding to a bandwidth of 11% relative to
f0 = 10 GHz. Such band coincides well with that of meta-
surface exhibiting only lx variation, further demonstrat-
ing the polarization irrelevance behavior. As portrayed in
Fig. 5f, four localized spots with almost uniform Ey field
intensities are symmetrically situated on the two axes at

four representative frequencies, accounting for the effi-
ciently synthesized quad pencil beams in far-field region
(Fig. 6). Out of the band 9.2–10.6 GHz, these spots be-
come vague in the measured patterns.

Again, the effect of feed blockage to device perfor-
mance can be negligible since the return loss in both
cases is better than −11 dB across the entire band (see
Supporting Information). As expected in Fig. 6a, a pure
anomalous reflection beam is obtained at all frequen-
cies studied, with both normal and first-order diffraction
beams almost completely suppressed. Consequently, a
high-gain scanning beam is achieved by placing a feed
horn in front of the metasurface. Four pencil beams with
symmetric patterns and uniform intensities are observed
at a smaller elevation angle. As shown in Fig. 6b, a peak
gain (efficiency) of 23 dB (21.6%) is achieved at 10 GHz
for x polarization. A variation of gain of less than ±1dB is
observed from 9.5 to 10.5 GHz, corresponding to a band-
width of 10%. The gain dips around 9.5, 9.7 and 10.2 GHz
is because of the undesired reflection modes induced by
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distorted phase profile. These modes tend to direct more
energy into sidelobes. Nevertheless, the gain variation is
within an acceptable level. For y polarization, the mea-
sured gain (aperture efficiency) varies from 23 dB (26.1%)
at 9.1 GHz to 23.9 dB (23.7%) at 10.6 GHz with a peak
value of 25.3 dB (38.2%) at 9.8 GHz. The relatively lower
gain and efficiency in beam-steering channel than that in
quadbeam channel are likely caused by the spillover loss
due to the finite dimensions of the sample. This is be-
cause in former case we placed a bigger horn much far-
ther from the metasurface to guarantee a plane-wave ex-
citation. More power leaked into free space and thus the
power captured by the metasurface was reduced. This is-
sue can be substantially addressed by adding more super
cells along the aperture which is currently evaluated as
8.58λ at 10 GHz.

The detailed performance of the emission system is
further illustrated in Figs. 6c and 6d, where the radi-
ation patterns are plotted in x-z plane in two differ-
ent polarizations. Similar patterns can be observed in y-
z plane, see Supporting Information. From Fig. 6c, we
found that the beam-steering angle changes from −39o

to −35o as frequency varies from 9.5 to 10.5 GHz. The av-
eraged HPBW is around 13o and the sidelobes are bet-
ter than −10 dB at most frequencies and the cross po-
larization is better than −26.7 dB. As shown in Fig. 6d,
satisfactory agreement is observed between simulations
and measurements at all frequencies studied. Two uni-
form narrowed beams with almost equal intensity are
clearly seen (tolerance less than ±0.25 dB). The patterns
do not change appreciably from 9.2 to 10.6 GHz, indi-
cating a stable and robust multibeam emission. All mea-
sured cross polarization is 24.5 dB below the peak inten-
sity. The HPBW is about 8o which is narrower than our
first device, thanks to a larger aperture size of present
sample.

4 Conclusions

In summary, we proposed an anisotropic meta-atom
that exhibits diminished polarization cross-talking, and
employed it to efficiently design bifunctional meta-
surfaces with complicated functionalities requiring 2D
parameter optimizations. The key idea is to add a
wire loop to isolate the planar resonator and thus
to degrade its sensitivity on external environmental
changes. As an illustration, we designed and fabricated
two bifunctional metasurfaces that integrate different
functionalities and experimentally characterized their
fascinating wave-manipulation properties. Numerical
simulations are in good agreements with the experimen-

tal results, both unambiguously illustrating the desired
functionalities. Of particular relevance is the developed
design methodology which is general for any bifunc-
tional devices. Our proposal opens an avenue for com-
plex wave front control with high integrity, stability and
low cost.

5 APM for quad-beam synthesis

The main procedure of quad-beam synthesis using APM
is to search for the intersection between the set of possi-
ble radiation patterns (set A) of a metasurface and that
of target patterns with idealized performance (set B),
based on closed-loop iterative optimizations [44]. The
tangential components of the EM field emitted from a
metasurface is the sum of waves radiated from different
meta-atoms,

A ≡
⎧⎨
⎩T : T(u, v) =

N∑
(m,n)∈I

αm,ne jk(P x
m,nu+P y

m,nv)

⎫⎬
⎭ (3)

Here, I is the set of positions of all elements, u =
sin θ cos ϕ and v = sin θ sin ϕ are the angular coordinates,
P x

m,n and P y
m,n are positions of specific meta-atom along x

and y direction, respectively, and αm,n denotes the contri-
bution from the meta-atom located at the position −m,n,
determined by both the excitation field and the response
(reflection amplitude and phase) of the meta-atom it-
self. The target pattern requirements are specified by two
masks, i.e., the multiple pencil beams with uniform am-
plitude and high gain; and low sidelobes with negligible
radiations relative to the peak value. In the first mask, the
−3 dB beamwidth and each main beam of target patterns
are characterized by the lower and upper bound values
(ML = 0.707 and MU = 1),

B ≡ {T : T(u, v) = ML (u, v) ≤ |T(u, v)| ≤ MU(u, v)} (4)

In the second mask, we define another upper bound M′
U

at certain elevation angle θ . To minimize the side-lobe
level, we require emitted fields in the side-lobe region
must fulfill the following requirement,

B ≡ {
T : |T(u, v)| ≤ M′

U
}

(5)

The iterative optimization is considered to be converged
and will be terminated when the cost function Tadp

reaches a stable value. In this particular design, M′
U is

restricted as an achievable value of −30 dB and the
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radiation pattern of the feed horn is modeled as cosq(θ)
with q = 8.6,

Tadp =
∑

u2+v2≤1

∑
(|T(u, v)| − M′

U)2 (6)

The synthesis consists of projecting the radiation pat-
terns from set A to set B, and projecting the patterns
back to the aperture magnitude and phase distribution
(inverse Fourier Transform (FFT) algorithms). In the for-
mer case, the radiation patterns are rectified progres-
sively until both sets are in good proximity, whereas in
the latter case the phase and amplitude of elements
across the aperture are dynamically renewed and finally
reach the optimum distribution. In reflective scheme, the
quad-beam metasurface design is related only to phase
synthesis since the element amplitude is determined by
aperture size and illumination. Before the phase opti-
mization, one should predetermine some initial parame-
ters such as feed position F relative to metasurface, oper-
ation frequency f0, aperture size D and element number
N = D/p, elevation angles θ and azimuth angles ϕ that
defining beam directions.
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