4940

OPTICS LETTERS / Vol. 37, No. 23 / December 1, 2012

Flat metasurfaces to focus electromagnetic
waves in reflection geometry
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We show that a flat metasurface with a parabolic reflection-phase distribution can focus an impinging plane wave to
a point image in reflection geometry. Our system is much thinner than conventional geometric-optics devices and
does not suffer the energy-loss issues encountered by many metamaterial devices working in transmission geometry.
We designed realistic microwave samples and performed near-field scanning experiments to verify the focusing
effect. Experimental results are in good agreement with full wave simulations, model calculations, and theoretical

analyses. © 2012 Optical Society of America
OCIS codes: 160.3918, 110.2760.

Metamaterials (MTMs) have strong abilities to manipulate
electromagnetic (EM) waves on a subwavelength scale,
resulting in fascinating effects such as negative refraction
[1], superimaging/hyperimaging [2—4], and anomalous
reflection/refraction [5]. Inspired by Pendry’s super lens
[2] that could focus a point source to a point image, many
efforts were devoted to utilizing MTM lenses to focus a
plane wave (PW) to a point image [6-14]. Conventional
lenses to achieve this goal typically exhibit certain curved
shapes and thus are bulky in size and difficult to fabricate
[15]. Recently, several MTM-based lenses, working in
transmission geometry, were proposed in microwave
[6-8], terahertz [9,10], and visible frequency domains
[11-14]. The common idea behind these works is to care-
fully engineer the refraction-index distributions, so that
waves transmitted through these MTM lenses at different
lateral positions can acquire certain phase accumulations,
eventually leading to focusing upon wave reinterferences.
While these MTM-based lenses are flat, they still suffer
certain limitations. First, all these lenses were based on
engineering the refraction index only, but the impedance-
matching problems were generally overlooked. Therefore,
they suffer inevitable reflections at the surfaces. Second,
these devices cannot be made very thin, since a thinner
lens demands a larger index variation, leading to more
serious impedance mismatch problems.

Here we propose an alternative MTM lens, operating in
reflection geometry, to overcome the above issues suffered
by previous lenses. Our lens is ultrathin, flat, and can col-
lect all the incoming energy when focusing. Microwave
experiments, in good agreement with finite-difference
time-domain (FDTD) simulations on realistic samples, are
performed to successfully verify the theoretical concept.

In our previous work [16], we showed that a carefully
designed metasurface can efficiently control the reflection
direction for an input PW. The idea is that a nonuniform
surface current (SC) J o e ¢! is created on the meta-
surface, which generates the oblique reflection beam [16].
However, the reflected wave in that case is still a PW with
wavefront unchanged. To achieve a focused beam with a
spherical wavefront, the generated SC at a local point of
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the metasurface should carry a phase to compensate the
propagation phase between the source and the focal point
so that the radiated waves from the metasurface can
constructively interfere with each other as reaching the
focal point [17]. To validate this idea, we assume that
the SC

J= Joe’k"< VT )eiwfa(z)éy )
is generated on an L x L metasurface located at 2 = 0 and
examine its radiation pattern using a dyadic Green’s func-
tion method (DGFM) [18]. Here ky = /¢, with w being the
frequency, c the light speed, and f the desired focal length.
We found that the E field radiated from such an SC does
converge to the desired focal point (0, 0, f). As an illustra-

tion, we show in Fig. 1(a) the computed E field patterns on
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Fig. 1. (Color online) (a) Calculated E field pattern on the xy
plane with 2 = f for an SC described by Eq. (1); insets show the
Re(E,) patterns on two symmetry planes. (b) For an SC de-
scribed by Eq. (2) with L = 84 and f = 54, calculated Re(E,)
pattern on the xz plane. For two SCs described by Eq. (2) with
S =54 and different L, calculated E distributions on the focal
line with 2 = f (c) and along the center symmetry line (d). All
fields are normalized against the field E, of a uniform SC,
J = Joell5(2)e,.
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the focal plane (with 2 = f) and two symmetry planes
(with x = 0 and y = 0) [19], respectively, for an SC with
L = 161 and f = 54 (4 is the wavelength). That the E field
is significantly enhanced around the point (0, 0, f) verified
the focusing effect.

We next consider a simplified case that is easy to rea-
lize experimentally. Suppose the SC generated on the me-
tasurface (sized L x «) is uniform along the y direction
and is modulated only along the x direction; then we have

) o)

J= Joe”“’( V) 5(2)E,. @)
Applying the DGFM [18] again, we numerically calcu-
lated the E fields radiated from such a simplified SC (with
L =81 and f = 51). Field distribution on the xz plane
[see Fig. 1(b)] shows that EM wave radiated from
the SC does converge to a focal line. We depicted in
Figs. 1(c) and 1(d) the calculated field distributions along
the x axis (with 2 = f) and the center symmetry line
(with x = 0), respectively. While the peak is reasonably
narrow in Fig. 1(c), it is quite broad in Fig. 1(d), and the
focal length is more accurately identified as f' = 3.84,
shorter than the designed value f = 51. We found such
discrepancies are caused by the finite-size effect. We re-
peated all calculations for a larger lens with L = 164 and
depicted the obtained results in Figs. 1(c) and 1(d). Com-
parison between the two cases (i.e., L = 8, 161) shows
that the focusing effect is significantly improved and the
focal length is approaching more to f* as L increases. We
note that our focusing is not subwavelength, since here
we are in the far field where evanescent fields cannot
reach the focal line.

We now design realistic systems that can support the
SC as defined in Eq. (2) when illuminated by a normally
incident PW. Consider a homogeneous metasurface that
perfectly reflects EM waves but with a reflection phase @
(i.e., r = ¢'® is the reflection coefficient of the electric
field), then the SC generated on the metasurface (illumi-
nated by a normally incident PW) must take the same
phase ® (J x ¢'®) [18]. Extend to the inhomogeneous
case, we understand that the desired metasurface should
exhibit a parabolic reflection-phase profile

CD(x) = (I)O +koﬂx2 +f2 —kof

for an incident EM wave with polarization E||y at fre-
quency o. Equation (3) is the key result of our Letter.
Among many possibilities, here we present one design
for the metasurfaces based on high impedance surface
(HIS) structures [20,21]. The building block consists of
a metallic “H” and a continuous metal sheet separated
by a 1.6 mm thick dielectric layer with ¢, = 4.2 [see inset
to Fig. 2(a)]. A system consisting of an array of identical
unit elements is the usual HIS, which perfectly reflects EM
waves but with @ sensitively depending on structural para-
meters. FDTD simulations [22] [solid line in Fig. 2(a)]
show that ® calculated at 10 GHz for such an HIS can
be tuned easily from z to -z by changing the parameter
L, from 1 to 4 mm. We fabricated seven HIS samples
with different L, and measured their reflection phases.
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Fig. 2. (Color online) (a) Reflection phase (®) versus L, for
HISs with unit cell shown in the inset, obtained by FDTD simu-
lations and experiments. Other parameters are a = 6 mm,
h = 1.6 mm, w = 0.5 mm, and L, = 5 mm. (b) L, versus posi-
tion x for the designed metasurface; inset shows a picture of
real sample. (¢) FDTD-calculated ®(x) profile. (d) Retrieved
Heir () profile of the designed metasurface.

Experimental results are in good agreement with FDTD
simulations [Fig. 2(a)].

Via carefully selecting the L, value of each unit, we
successfully designed a planar metasurface exhibiting
a parabolic ®(x) profile [Eq. (3)] with f = 100 mm.
Figure 2(b) shows how L, in different “H” varies as a
function of position x, and Fig. 2(c) depicts the FDTD-
simulated ®(x) profile of the designed metasurface. A
162 mm x 12 mm sample was fabricated based on the de-
sign, part of which is shown in the inset to Fig. 2(b). In-
serting the sample into a parallel-plate waveguide and
shining the metasurface with a y-polarized plane micro-
wave (transverse-EM mode of the waveguide) at fre-
quency 10 GHz, we adopted a near-field scanning
technique [see Fig. 3(a) for the experimental setup; more
details can be found in [23] to map the distribution of
electric fields scattered by the metasurface. The spatial
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Fig. 3. (Color online) (a) Sketch for the experimental setup.
(b) E field distributions along the focal line, obtained by experi-
ment and FDTD simulations on realistic samples and on the
model system. (c) Re(E,) on the xz plane, obtained by experi-
ment, FDTD simulations (d) on realistic sample and (e) on the
model system. The dashed line denotes the designed focal line
(f = 100 mm). All fields are normalized against the input field
strength, and the metasurface is placed at the z = 0 plane.
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Fig. 4. (Color online) Re(E,) patterns obtained by FDTD simu-
lations and experiments as the metasurface is illuminated by
TE-polarized microwaves at incident angles (a), (b) 6, = 10°
and (c), (d) 8; = 30°. All fields are normalized against the input
field strength.
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resolution of the mapping is 2 mm, and both amplitude
and phase of the electric field were recorded by a vector
network analyzer (Agilent N5230C). To illustrate the fo-
cusing effect more clearly, we purposely deducted the
incident field from the total field to obtain the pure infor-
mation of the scattered field. We also performed FDTD
simulations on the realistic structure to compute the
scattered-field pattern. Figures 3(c) and 3(d) depict
the experimentally measured and FDTD-calculated
scattered-field patterns, respectively, both showing that
the scattered EM field does converge to a focal line
located at z = 80 mm where the field is maximized. The
focal length is shorter than the predesigned value
(f = 100 mm), which can be explained by the finite-size
effect [see Fig. 1(d)]. Along the focal line defined at
2z = 80 mm, we measured and simulated the field distri-
butions and compared the results in Fig. 3(b). The com-
mon pronounced peak at the origin in both spectra
reinforced the expected focusing effect.

To gain a deeper understanding on the noted effect, we
derived an effective medium model for the designed
metasurface. According to [21], we found the metasur-
face can be modeled as a magnetic slab with effective
permeability u. () [24] put on a perfect electric conduc-
tor. By comparing ® calculated based on the realistic HIS
and the model system, we successfully retrieved the
Her () profile of the model system [see Fig. 2(d)]. The
scattered-field patterns calculated based on such a model
are shown in Figs. 3(b) and 3(e), which are in good agree-
ment with both experiments and full wave simulations.

Our lens also works for oblique-incidence cases.
Figure 4 compares the scattered-field patterns obtained
by experiments and simulations for two oblique incident
angles (10°, 30°). Good agreement between experiments
and simulations is noted. The focusing effect becomes
worse as 6 increases, since the @(x) profile may change
slightly for the oblique-incidence case. However, the fo-
cusing effect is still observable for 8 = 30° [see Figs. 4(c)
and 4(d)] and simulations show that the effect survives
up to 8 = 45° (not shown). In addition, we can also rea-
lize the defocusing effect upon carefully designing a me-
tasurface with f < 0 in which the incoming PW becomes
a divergent beam with a virtual focal point behind the

lens. Finally, although here we only experimentally ver-
ified the focusing effect in a simplified version [based on
Eq. (2)], we note that extensions to more complicated
cases are straightforward.

In conclusion, we demonstrated that an ultrathin flat
metasurface with a parabolic reflection-phase profile
can focus an incident PW to a point image with high
efficiency.
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