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Abstract: Directional beaming of electromagnetic waves passing through a subwavelength
aperture has attracted considerable interests in photonics, but the traditional approach of
utilizing gratings to directionally couple surface waves (SWs) to a desired far-field direction
faces the low-efficiency issue owing to high-order diffractions. Here we experimentally
demonstrate that directional beaming of light can be realized with very high efficiencies, in
which two specifically designed metasurfaces (MTSs) are placed at two sides of the aperture
to serve as SW to propagating-wave meta-couplers. Different from the grating couplers, the
well-designed phase-gradient meta-couplers can freely select the desired diffraction orders by
suppressing the undesired diffraction orders. We design and fabricate MTSs with different
phase gradients, and perform both far-field and near-field measurements to verify the
predicted high-efficiency on/off-axis directional beaming effects. Experimental results are in
good agreement with full wave simulations and theoretical analyses.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

According to the standard diffraction theory, light emerged from a subwavelength aperture
will be diffracted in all directions uniformly. This property was long believed to be a
fundamental constraint in manipulating light in a subwavelength scale for various
technological requirements. In 2002, Ebbesen et al discovered that a subwavelength aperture
in a metallic screen surrounded by periodic surface corrugations can realize directional
beaming of light [1], i.e., light emitted from the subwavelength aperture will be redirected in
a desired direction, instead of highly diverging in all directions. It is generally believed that
the diffraction of surface plasmons on the surface corrugations or gratings gives rise to the
beaming behavior [2-5]. The surface corrugations/gratings should not only support the
propagation of the surface waves (SWs), but also serve as diffraction gratings to diffract the
SWs along a desired direction by compensating the momentum mismatch between the
radiation waves and the SWs. Since then, the utilization of surface corrugations/gratings for
mediating SW diffraction has stimulated considerable interest in realizing diversified
functionalities from visible to microwave regions including on/off-axis beaming [6—13],
focusing [14,15], directional tunable beaming [16,17], and multiple directional beaming [18].

As the two-dimensional equivalence to metamaterials, metasurfaces (MTSs) have
provided an unprecedented approach to the extreme control of electromagnetic waves (EWs)
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by locally manipulating the phase, amplitude, and/or polarization of the scattered field.
During the past years, much effort has been focused on using MTSs to control light
propagation in free space, leading to a variety of applications including anomalous
reflection/refraction [19-23], planar lens [24], vortex plates [25], high resolution holograms
[26], ultrathin invisibility cloak [27,28], enhancement of nonlinear optical response [29,30],
and coding MTS [31,32]. It has been experimentally demonstrated that MTSs can redirect an
impinging light into the air along the one or more desired directions with high efficiency by
suppressing the undesired grating diffractions [22,31,33]. The usage of gradient MTS to
enable the conversion of the radiation wave into the SW was widely studied [34-36],
however, less effort has been devoted to exploring the utilization of gradient MTS as a meta-
grating to control directional re-radiation of the SW. The authors have proposed and
numerically demonstrated the directional beaming of light in the optical domain by using
gradient MTS to mediate the emerged light from a subwavelength aperture [37]. However,
naively applying the concept of gradient MTS for directional beaming of light may yield low
diffraction efficiency. The underlying reason for the low diffraction efficiency is that the
MTS has not been well exploited to suppress the undesired diffraction orders, and thus, no
comparative advantage over the conventional grating scheme has been implied. In this paper,
we have demonstrated that well-designed MTS can significantly suppress the undesired
diffraction orders, and hence significantly higher diffraction efficiency can be realized (77%
in the experiment). In addition, we have made detailed explanation on why the MTS scheme
shows superior advantage over the conventional grating one in terms of diffraction efficiency.
As an illustration, we have designed and fabricated the directional beaming structures, and
performed far-field measurement and near-field (NF) scanning experiments to characterize
their excellent beaming performances. Different from the transmissive MTSs to steer the
incident EWs [38,39], our proposal here is aimed at using gradient MTSs to mediate the
emitted EWs from the subwavelength aperture along a desired direction.

2. Results and discussion
2.1 Design principle

Consider a SW mode propagating along a metallic grating that is typically used to surround a
metallic aperture for light beaming [Fig. 1(a)]. As the SW mode propagates along the grating,
it will be diffracted into radiation waves in the air with the radiation angle being determined
by the grating diffraction equation, &, -2nm/p=k,sin@ , where k,.(ky) and p denote the

propagation constant of the SW (radiation wave), and grating period, respectively, and m is an
integer (=0, £ 1, £ 2, + 3...). For this scheme, one can’t suppress any diffraction order to
radiate the diffracted waves along a certain direction. Without loss of generality, we calculate
the dependence of 6 on the ratio of grating period and light wavelength, A, [Fig. 1(b)] under
the assumption that £, is equal to &y, in which actually £, is larger than k, in general. Figure
1(b) clearly presents that more and more diffraction orders appear as the grating period is
increased. As an example, if p is assumed to be 2.4 times as large as A, the guided SW mode
will be diffracted into 4 beams of radiation waves, associated with 4 diffraction orders [Fig.
1(c)]. As a result, a significant portion of SW energy will be redirected into the undesired
direction due to the presence of higher-order diffractions, leading to a low diffraction
efficiency for directional beaming [10—13]. To ensure the maximum diffraction efficiency for
directional beaming, it is highly desired that the SW mode is diffracted along a certain
direction, rather than radiated along multiple directions. Therefore, the long-period gratings
(larger than L), corresponding to multiple-order grating diffraction, in principle prevent the
formation of high-efficiency directional beam if they are used to mediate light emerged from
a subwavelength aperture. It is therefore not surprising that the previous beaming systems
typically suffer from low diffraction efficiency, especially for off-axis directional beaming
where long-period gratings are indispensable for the design [10—13]. In the following work,
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we will show how the gradient MTSs overcome the low efficiency issue faced by the

conventional grating schemes.
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Fig. 1. (a) Schematic of a SW mode converted into radiation wave by a metallic grating. The
grating period, depth and the width of air gap are denoted as p, / and a, respectively. (b) The
radiation angle diffracted versus the ratio of the grating period and the wavelength in the air.
(c) The normalized far-field intensity distributions as a function of the spatial angle when the
SW (k. =ky) propagate toward the grating with # = 0.14X, p = 2.4\ and a = 0.11A. Here the
metal is treated as perfect electrical conductivity in the microwave regime. The numbers in (b-
c) represent the diffraction orders.

We start from analyzing the electromagnetic properties of the building block (meta-atom)
of the MTS consisting of a metallic strip and a metal plate separated by a dielectric spacer
[shown in the inset of Fig. 2(a)]. Figure 2(a) schematically shows a supercell of the MTS
comprised of several different subunits. When the subunit structure is illuminated by x-
polarized EWs, electric current will be generated on the metal strip and the ground metal plate
simultaneously. Thus, strong magnetic field is generated inside the dielectric spacer due to the
NF coupling. The phase of the reflected waves can be adjusted to an arbitrary value within 0-
2w range by changing structural parameters. In this work, we firstly calculate the dependence
of phase of reflected EWs on width w, when the incident plane waves illuminate the subunit
structures (not shown here). Then, we choose to vary the width of the metal strip, w,, to
enable the reflection-phase, ¢, to cover 0-2m, so that a constant phase-gradient, dg/dx, within
a supercell is introduced. Therefore, the incident plane wave (with the incident angle ;) will
receive an in-plane wave vector, m27t/L, (m is an integer), from the gradient-phase MTS, and
the total transverse wave vector can be expressed as

k.=kysin@ +m2rx/L, )

where k, represents the propagation constant in the air. Different from the conventional
grating structure, the diffraction order of the MTS grating can be freely controlled by
designing the phase gradient of the MTS to the desired value of 2m;n/Lx (m, is the desired
diffraction order). Besides, such periodical metallic strips on a metal plate can support a SW
mode, with the propagation constant, k,,, highly dependent on the geometrical parameters of
the metallic strips. If k, is not equal to the propagation constant, £, the incident EW will be
anomalously reflected back into the air. However, if &, is exactly equal to £;,, the incident
EWs will be partially converted into the SW mode propagating along the MTS [Fig. 2(a)],
and thus significantly enhanced absorption occurs. This can be noticeably reflected by the
reflection curve versus the incident angles, where a reflection dip is supposed to appear at a
certain 6, with k, being exactly equal to k,,. We have designed five sets of MTSs (A-E) that
have do/dx (= 2n/Ly) of 1.15ky, 0.94k, 1.42ky, 0.71ky and 1.65k,, respectively, at 7.5 GHz, to
merely trigger the first diffraction order. For a supercell comprised of several subunits with
different metal strip widths, w,, as shown in Fig. 2(a), the k;, of the SW mode can be
theoretically retrieved by use of the transmission-line model [40]. As shown in Fig. 2(b), the
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input impedance, Z;,, for the subunit structure is a parallel connection of the periodical metal
strips impedance, Z,, and the surface impedance of the dielectric spacer, Z,, yielding the
expression for x-polarized incidence wave [40]

jw/uo tan(ﬁdl ) COSZ (‘92 )
Z = )

1- 2keffaM cos’(6,)

where k=kJe, , B=k -k} | k,=k:J(e, +1)/2 , 6 =arcsinfsin(d)/\f¢,] .
and o =~k p, /ﬂ'ln{sin[ﬂ'( p.w,)/2p, J} , €, M, are the relative permittivity and the

permeability of the dielectric spacer, respectively, and 6, k, are the incident angle and

transverse wave vector of the incident EWs, respectively. Here we assume the loss of the
dielectric spacer is sufficiently small so that it can be neglected. The propagation constants of
the SW can be inferred under the transverse resonance condition [40]

2y +(Z3)" =0 (3)
where Zj is the free-space impedance for TM mode Z, =7, cos8 (7, =\/1, / &, , &, is the

free-space permittivity). The incident angle, 6, can be extracted fromcos 8, =/(k; —k}) / k, .
It should be noted that here &, is the propagation constant of the SW and is larger than %, in
general. The Z; for each subunit structure can thus be retrieved by combining Eqgs. (2) and

(3). Finally, the input impedance for a supercell can be deemed as the average impedance for
all subunit structures

X 1< x
Zin = ; Z (Zm )i (4)
i=0

The k;, of the MTS can be retrieved by incorporating Z, into Eq. (2). The calculated

dispersion relations for the five MTSs (A-E) are presented in Fig. 2(c). We can thus easily get
the incident angles for the five MTSs (0.20°, 13.6°, —14.8°, 28.0° and 30.6° for A-E,
respectively) at 7.5GHz by incorporating the retrieved £, into Eq. (1), in which the incident
EWs are resonantly converted into the SW. The five incident angles are 0.20°, 13.6°, —14.8°,
28.0° and —30.6° for MTSs A-E, respectively, and are represented by the five-pointed stars
shown in Fig. 2(d). To justify the validity of the theoretical prediction, we have performed
finite difference time domain (FDTD) method to simulate the angle-reflection curves for
MTSs A-E. As can be seen from Fig. 2(d) that, the five MTSs indeed have their own
reflection dips associated with 6;, which agrees well with the theoretical results (five-pointed
stars) from transmission-line model described above. The propagation constants of the SW
mode for the five MTSs are estimated as 1.15k;, 1.19ky, 1.18ky, 1.21ky and 1.15k,
respectively. Figure 2(e) confirms that the radiation waves are coupled to the SW mode
propagating along the surface of MTS A with the normal incidence. In contrast to the normal
incidence, when the EWs illuminate MTS A with the incident angle of —20°, they are
anomalously reflected with the radiation angle of —54.3° [Fig. 2(f)], consistent with the result
from the generalized Snell’s law [19].
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Fig. 2. (a) A supercell of the MTSs contains several subunits, each of which is comprised of a
metal strip (yellow) and a metal plate separated by a dielectric spacer (light green). The lattice
constant along x direction is denoted as L,, the period of the subunit and width of the strip
along x direction is represented by p, and w,, respectively, the thickness of the dielectric
spacer, and the metal strip is denoted as d,, >, respectively. L, = np,, with n indicating number
of strips in a supercell. (b) Transmission line model for the subunit structures described by
lumped impedances. (c) Dispersion relation curves for the MTSs A-E. (d) The dependence of
the total power reflectance on the incident angles with x-polarized EMWs at 7.5 GHz
illuminating the MTSs A-E. In the simulations, d;, d> for different MTSs are fixed at 1.8 and
0.018 mm, respectively, while the other structural parameters are given in Table 1. Cu and FR4
are selected as the metal layer and dielectric spacer, respectively. The conductivity of copper is
o =5x 10" (Qm)™" and the relative permittivity of FR4 is ¢. = 4.3 + 0.025i in the frequency
range considered. The five-pointed stars denote the retrieved angles from the transmission-line
model. (e, f) Simulated Ez field pattern on x-z plane when x-polarized EWs illuminate MTS A
with the incident angle of 0° and —20°, respectively. All the simulations are conducted by a
commercial software Lumerical finite difference time domain (FDTD) Solutions.

Table 1. Structural parameters for the five supercells

No. n px (mm) L, (mm) w, in each supercell (mm)
A 7 4.95 34.65 0.25,4.22,4.48,4.61,4.72,4.82,4.90
B 7 6.05 42.35 0.25,4.83,5.23,5.42,5.58,5.77,5.99
C 5 5.60 28 0.25, 4.78, 5.08, 5.27, 5.55
D 8 7 56 0.25,5.15,5.68, 5.94, 6.13,6.33,6.61,6.95
E 4 6.05 242 0.25,5.16,5.5,5.83

In view of the principle of optical path reversibility, the SWs can also be converted into
the radiation waves redirected along the direction predicted by Eq. (1). It thus can be highly
anticipated that the field distributions of the EWs emitted from a subwavelength aperture is
significantly mediated by the MTSs surrounding the aperture. The proposed beaming
structure is schematically shown in Fig. 3, where a subwavelength metal aperture is
surrounded by the MTSs on both sides. When a beam of x-polarized EWs illuminate the
metal plate from the bottom, a portion of the emitted EWs are coupled to the SW mode
propagating both left- and right-ward along the MTS, while the remaining EWs are directly
diffracted into air uniformly. Meanwhile, the SWs will firstly induce the magnetic resonance
of each subunit and then be scattered by the MTS and retransferred to the radiation waves



Research Article Vol. 26, No. 22 | 29 Oct 2018 | OPTICS EXPRESS 28536 I
Optics EXPRESS ~ BN

with the radiation angle being determined by the MTSs used. The field distributions in the
output space can thus be reconstructed due to the interference between the EWs scattered by
the MTS and directly emitted out from the aperture. In order to realize directional beaming
effect, the EWs scattered by the MTS on the left- and right sides should radiate along the
same direction so that they can interfere constructively in the output space. According to the
generalized Snell’s law, the transverse wave vectors at the two interfaces must satisfy the
relation as [19]

kysin@ —k, sin@, =dp/dx %)

where 6, and k; represent the reflection angle and the wave vector of the incident waves,
respectively. For our case, the incident waves are the SWs with the propagation direction
being parallel to the metal plate, i.e., ; = 90°. Consequently, the generalized Snell’s law for
the left- and right sides can be written as

{d(pL dx—k: =k,sin6,  (left) ©

kX —deg, /| dx=k,sin6, (right)

where dg, /dx (de,/dx), k-, (k% ), and 6, (8, ) are the phase-gradient, propagation

constant of the SW, and diffraction angle for the left (right) MTS, respectively. To realize on-
axis directional beaming (6, = 8, = 0°), it is required that the MTSs used on both sides

should be symmetrically arranged to provide the phase gradients with equal amplitude but
opposite directions ( dg, /dx=k’, and dg, /dx=k. ) [Fig. 3(a)]. As for the off-axis

directional beaming (6, = 6, #0°), one has to ensure that the phase-gradient of the MTSs on

the left- and right sides have different amplitudes and opposite directions [Figs. 3(b) and
3(c)]. The well-designed MTS A can be used for the on-axis directional beaming, while a
combination of MTSs B and C (or D and E) can be exploited to implement off-axis
directional beaming. Substituting k;,, and the phase gradients of the MTSs on both sides into
Eq. (6), we can estimate the beaming angles for the three cases of 0° [Fig. 3(a)], 15° [Fig.
3(b)], and 30° [Fig. 3(c)], respectively.

Fig. 3. Schematic of the directional beaming configurations: (a) MTS A is symmetrically
arranged around the subwavelength aperture, and (b, ¢) MTS C (E) and B (D) are
asymmetrically placed on the left- (C, E) and right (B, D) sides of the subwavelength aperture,
respectively.

2.2 Simulation and experimental verification

To validate the directional beaming effect mentioned above, we employed FDTD simulations
to calculate the field intensity distributions in the output space as the designed beaming
structures are illuminated by normal-incidence plane waves from the bottom. The aperture of
the beaming structures is centered at x = 0 and z = 0. The calculated field distributions of |E|*
for the three cases [shown in Fig. 3] at 7.5GHz are presented in Figs. 4(a)-4(c). It can be
observed that the emitted EWs from the apertures are redirected as directional beams in all
cases. The radiation angles, well consistent with those predicted by theoretical analyses, are
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highly dependent on the MTSs used. Figures 4(d)-4(f) show the E. field distributions in the
regions on the right side of the aperture, which confirms the excitation of the SW mode on the
metallic surfaces. The effective wavelengths of their SW modes can be estimated by
calculating the distance between two wave peaks, and the results agree well with those
estimated from the theoretical analyses and angle-reflection curves in Figs. 2(c) and 2(d).
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Fig. 4. (a-c) The simulated field intensity distributions of |E[* at 7.5 GHz when the first [Fig.
3(a)], second [Fig. 3(b)], and third [Fig. 3(c)] directional beaming configurations are
illuminated from the bottom of the subwavelength aperture (4 mm width), respectively. In the
simulations, 10, 8, 12, 6, and 14 supercells of MTS A, B, C, D, and E, respectively, are used.
The other structural parameters of the MTSs are the same as those used in Fig. 2. (d-f) The
zoom-in Ez field pattern corresponding to (a-c), respectively, in the regions on the right side of
the aperture.
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Fig. 5. (a) The schematic of the samples for on-axis directional beaming. The sizes for all the
three fabricated samples are 700 mm x 600 mm. (b, ¢) The experimental setup for the far-field
measurement and NF scanning experiment, respectively. (d-f) The simulated (blue lines) and
measured (red stars) far-field intensity profiles as a function of the spatial angle for the three
samples, respectively.

We employed print circuit board technique to fabricate realistic samples [Fig. 5(a)], and
performed far-field measurement [Fig. 5(b)], and NF scanning technique [Fig. 5(c)] to
characterize the device performances. In the far-field experiments, the samples are placed
vertically between a standard gain horn antenna and a receiving antenna [Fig. 5(b)]. The
samples and the source gain horn antenna can be flexibly rotated with respect to the receiving
antenna. The receiving antenna is 1.2 m away from the samples to receive the angular
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spectrum. Both the antennas are connected to a vector network analyzer (Agilent E§362C
PNA). The simulated and measured far-field intensity profiles versus the spatial angle for the
three samples at 7.5GHz are presented in Figs. 5(d)-5(f). For the three cases, the simulated
beaming angles of 0°, 14.6° and 29.8°, full width at half maximum (FWHM) of the far-field
intensity is 5.0°, 5.9° and 5.8°, and the diffraction efficiency is 78%, 81%, and 74%,
respectively [Figs. 5(d)-5(f)]. Here, the diffraction efficiency is defined as the percentage of
incoming power distributed in the central beam of angular spectrum confined by the angles of
two closely adjacent minimum [41]. The measured beaming angles of 0°, 14°, and 30°,
FWHM of 6.2°, 6.9°, and 7.4°, and the diffraction efficiency of 67%, 77%, and 69%,
respectively, for the three samples at 7.5 GHz are all well consistent with the FDTD
simulation results. All the presented results indicate that the directional beaming effect with a
small divergence angle and high efficiency is achievable with the MTS. To further confirm
the formation of the directional beam, we conducted NF scanning experiments to observe the
field intensity distributions in the output space. In the NF scanning experiments, the incident
EWs are generated by a horn antenna [Fig. 5(c)]. In the far-field measurement and NF
scanning experiments, the EWs emerged from the metallic silt can be treated as a secondary
wavelet, and hence, the resultant measurement results will not be affected by the distance
between the source horn antenna and the sample used for both measurements. A monopole
antenna in the output space is used to detect the electric field. The measured resolution is set
to be 5 mm per step both along x and z directions. Vector network analyzer (Keysight
E5071C) is used for data acquisition. Part of the NF distributions are shown due to the
limitation of translational stage used in the experiment. The position of the aperture is at x =0
and z = 0. Figures 6(a)-6(c) show the simulated field intensity distributions of |E|* for the
three beaming structures at 7.5 GHz. The measured patterns are shown in Figs. 6(d)-6(f) with
the beaming angles of 0°, 14.5°, and 30°, which are all in excellent agreement with the
simulated patterns in Figs. 6(a)-6(c), far-field angular field intensity profiles in Figs. 5(d)-5(f),
and theoretical prediction.
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Fig. 6. The simulated (a-c) and measured (d-f) field intensity distributions of [E|* at 7.5 GHz,
for the three samples, respectively.

The far-field and NF results mentioned above have demonstrated that, collimating EWs
with high diffraction efficiency is achievable with gradient-phase MTSs. To make a
meaningful comparison with previous grating-based beaming structures in terms of
diffraction efficiency, we assume both of the beaming schemes work with the equivalent
beaming angle of 30°. We designed three typical grating-based beaming structures [Figs.
7(a)-7(c)] to clearly explain how the grating period affects the resultant diffraction efficiency
of directional beaming. In Figs. 7(a) and 7(b), merely one-side of gratings are used with
grating A [with p = 0.63)\ in Fig. 7(a)] and with grating B [with p = 1.82A in Fig. 7(b)], while
a combination of gratings A and B on both sides is employed in Fig. 7(c). It can be clearly
observed from Fig. 7(d) that, the EWs after passing through the subwavelength aperture are
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mainly diffracted into the designed angle of 30° once grating A is involved. Although grating
A (grating period less than A) on the left side works efficiently to diffract the left-side EWs
into the desired direction, the total diffraction efficiency is limited to 26% as the EWs on the
right side (no grating used) are uniformly diffracted with no directivity. As for grating B
(grating period more than A), the far-field intensity are almost uniformly distributed into three
diffraction orders with the angles of 30°, —2.6°, and —37.13°, respectively. Consequently, the
diffraction efficiency (9%) for the desired directional beam is even lower compared to Fig.
7(a). We note that a lot of schemes on off-axis light beaming were implemented by using two
gratings of different periods on both sides of the aperture [10—13], i. e., grating A and grating
B are used as schematically shown in Fig. 7(c). We emphasize here, the diffraction efficiency
for the desired directional beaming is still low (28%) as a significant portion of diffracted
EWs contribute to the second- and third-order diffractions due to the involvement of long-
period grating B. As has been mentioned above, the diffraction efficiency for the directional
beaming with MTSs can reach approximately 80%, suggesting significant superiority over the
grating scheme. Two MTSs with different lattice constants, L,, are used on one side of the
aperture for the equivalent beaming angle of 30°, i. e., MTS E [with L, = 0.61A <X in Fig.
7(e)], and MTS D with [with L, = 1.4L > X in Fig. 7(f)], while a combination of MTSs E and
D is used in Fig. 7(g). Similar to the short-period grating A, MTS E works efficiently to
diffract EWs towards the beaming angle of 30° [Fig. 7(h)], though the total diffraction
efficiency is relatively low (46%) as no MTS is used on the right side. What make the MTS
superior to the grating is that, by setting the phase gradient do/dx to 2n/L,, a MTS with long
lattice constant can significantly suppress the higher diffraction order (m>1) so as to merely
trigger the first diffraction order. As can be seen from Fig. 7(h) that, most of the EWs are
directed into 30° with MTS D, while the far-field intensity for the second order with
diffraction angle of —10.2° is notably lower and the diffraction efficiency (47%) is much
higher than that with long-period grating B as shown in Fig. 7(b). Therefore, it can be
reasonably expected to achieve significantly higher diffraction efficiency (74%) by
connecting MTSs E and D, as opposed to the double-grating scheme in Fig. 7(c).
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Fig. 7. (a-b) Short- (A) and long-period (B) gratings are placed on the left and right side of the
metallic aperture, respectively. (c) Short- (A) and long-period (B) gratings are simultaneously
arranged on both sides of the aperture. (d) The far-field intensity profiles as a function of the
spatial angle at 7.5 GHz for (a-c). The structural parameters for grating A(B) is set with # =
5.80 (5.80) mm, p = 72.75 (25.11) mm, a = 4.40 (4.40) mm. (e-f) A metal aperture is
surrounded by MTS E on the left side and by MTS D on the right side, respectively. (g) MTS
E and by MTS D are simultaneously arranged on both sides of the aperture. (h) The far-field
intensity profiles as a function of the spatial angle at 7.5 GHz for (e-g).
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Fig. 8. Normalized far-field intensity as a function of the frequency and the spatial angle: (a-c)
FDTD simulations and (d-f) experimental measurements for the three cases. (g, h) The
simulated field intensity distributions of |E|* for the first beaming structure (Fig. 3a) at 7 GHz
and 8.5GHz, respectively. The white dashed lines represent the positions of the receiving horn
antenna. (i) The simulated (dots) and linearly fitted (solid lines) phase distributions within a
supercell of metasurface A at different frequencies. (j,k) Schematics of the radiation direction
of the EWs diffracted by the MTSs at 7 GHz and 8.5 GHz, respectively.

Although we only show the directional beaming effect at a single frequency of 7.5 GHz in
Figs. 4-6, the operation bandwidth of the desired beaming effect can reach a few tenths of 1
GHz. To evaluate the operation bandwidth, we simulated the far-field intensity profiles with
varied operation frequencies, and pictured the far-field intensity distributions as a function of
working frequency and spatial angle in [Figs. 8(a)-8(c)]. It can be seen that the diffracted field
spreads with a larger divergent angle if the working frequency deviates from the pre-designed
frequency of 7.5 GHz. It should be emphasized here that the estimated working bandwidths
for the three cases can reach up to 0.61, 0.65, and 0.54 GHz, respectively, with the criterion of
the FWHM strictly below 10°. The measured far-field intensity distributions as a function of
working frequency and spatial angle [Figs. 8(d)-8(f)] present excellent agreements with the
simulation results above 7.5 GHz. However, the measured far-field intensity distributions
below 7.5 GHz show much smaller divergent angle than that of 7.5 GHz. Due to the
limitation of our microwave chamber, the receiving antenna can only be placed at a maximal
distance of 1.2 m to the samples. In other words, the presented results shown in Figs. 8(d)-8(f)
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could not really reflect the far-field intensity distributions at low frequencies. To more clearly
explain the deviation, we have shown the field intensity distributions in the output space at 7
and 8.5GHz in Figs. 8(g) and 8(h), at which the divergent angles present the largest difference
with that at the pre-designed frequency of 7.5 GHz. Although the far-field diffraction patterns
are both diverging at 7 and 8.5 GHz, the reason of the diverging effect is totally different. The
beaming structure behaves like a focusing lens at 7 GHz so that the EWs are firstly redirected
to a focal point and re-diverge afterward [Fig. 8(g)]. On the contrast, it acts as a beam splitter
at 8.5 GHz that the emitted EWs radiate along two opposite spatial angles with respect to the
central axis [Fig. 8(h)]. We emphasize here, to accurately reflect the far-field divergence, the
receiving horn antenna should be placed at least a distance of 4 m to the samples. However, in
the far-field measurement [Fig. 5(b)], the receiving horn antenna was placed a distance of 1.2
m from the samples [white dashed lines of Figs. 8(g) and 8(h)] due to the limited
experimental space. The measured divergence angles are thus significantly less than the true
values as presented by the simulation results. The dual-functionality at 7 and 8.5 GHz can be
understood as follows. k;, increases (decreases) if a higher (lower) working frequency is
chosen [Fig. 2(c)], while the phase gradient is nearly unchanged [Fig. 8(i)]. As a result, the
diffracted beam on both sides will be redirected towards the central axis at 7 GHz [Fig. 8(j)],
leading to a focusing effect [Fig. 8(g)]. Meanwhile, the diffracted beam will be radiated away
from the central axis at 8.5 GHz [Fig. 8(k)], resulting in a diverging effect [Fig. 8(h)].

3. Conclusion

We show that high-efficiency directional beaming can be realized by surrounding a
subwavelength aperture with ultrathin flat MTSs on both sides. The MTS not only can
support the propagation of the SWs, but also can enable SW to radiate along a well-desired
direction determined by the geometrical parameters of the MTSs. The directional beaming
effect is principally formed as a result of constructive interference between the EWs scattered
by the MTS and directly emitted out from the aperture. We designed and fabricated the
beaming structures, and characterized their beaming performances with far-field measurement
and NF scanning experiment. Distinct from the previous corrugation/grooves structures, the
present beaming scheme can notably increase the diffraction efficiency for the directional
beam by significantly suppressing the high-order diffractions. The measured diffraction
efficiency of the directional beam is approximately 77%, 69% if the beaming angle shifts to
14°, 30°, respectively, significantly superior to the long-period grating schemes. Besides, the
proposed MTS beaming structures are about a thickness of 1/21 working wavelength, much
thinner than previously proposed grating-based beaming structures working in the same
spectral region [7-9]. We have noted that a class of plasmonic lenses made of metal gratings
that are capable of producing multiple free-space beams in arbitrary directions when a point
source of SWs is located at the focus [42]. Similarly, such a MTS-based beam structures can
also be expected to achieve multiple free-space beams by using metal antennas [22,37]
instead of metal strips to surroud a metal hole to scatter the SWs, which is our next plan.
Finally, we believe that the proposal can be extended to operate in the optical wavelengths by
scaling down the structural parameters, and can also lead to many other transmissive
functional devices such as focusing lens and beam splitters.
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