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Illusion devices, such as superscatterer and invisible gateway, have been theoretically studied under the
theory of transformation optics and folded geometry transformations. The realization of these devices
needs building blocks of metamaterials with negative permittivities and permeabilities. However,
superscattering effects, such as stopping wave propagation in an air channel, have not been verified
from illusion devices physically because of the challenge of metamaterial design, fabrication, and material
loss. In this Letter, we implement a big metamaterial superscatterer, and experimentally demonstrate its
superscattering effect at microwave frequencies by field-mapping technology. We confirm that super-
scattering is originated from the excitation of surface plasmons. Integrated with superscatterer, we
experimentally display that an invisible gateway could stop electromagnetic waves in an air channel with a
width much larger than the cutoff width of the corresponding rectangular waveguide. Our results provide a
first direct observation of superscattering effect of double negative metamaterials and invisible gateway for
electromagnetic waves. It builds up an ideal platform for future designs of other illusion devices.
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Benefited from the powerful creativity of transformation
optics [1–4], many abnormal applications, such as
invisibility cloaks [5–9], electromagnetic (EM) field rota-
tors [10,11], concentrators [12–14], and waveguide bends
[15–19] are developed. Under the concept of complemen-
tary medium [20,21] and folding geometry transformation
[22], transformation optics has been theoretically utilized to
design illusion optical devices [23–26]. The key of these
devices is the superscatterer whose scattering cross section
is larger than its geometric size for observers of all
directions [20]. The superscatterer has many interesting
applications, such as superabsorber [25] and cloak at a
distance [24]. To realize such a superscatterer requires a
shell made of inhomogeneous and anisotropic negative
refractive index metamaterial according to the comple-
mentary medium theory. Though different designs are
theoretically proposed [27,28], there remain the difficulties
of complicated constitutive parameters and material loss to
be resolved. One improvement of the design is using
uniform double negative metamaterial (DNM) [29] with
a refractive index n ¼ −1, which may ease the realization
of the superscatterer. Meanwhile, all-dielectric metamate-
rials [30] is recently proposed to reduce the loss.
A fascinating application of the superscatterer is invis-

ible EM gateway [29,31]. Such a gateway can stop the
wave propagation in an air channel with a width much
larger than the cutoff width of the corresponding rectan-
gular waveguide. A proof-of-principle experiment of the
invisible gateway was demonstrated by a circuit simulator
[32]. It imitates the double negative materials and conven-
tional materials by periodic inductor-capacitor networks,

and the wave propagation in the gateway is mimicked by
the voltage distribution on the networks. Though the
experiment demonstrates the principle of the invisible
gateway, to the best of our knowledge, there has been
no report so far on discovering such superscattering effect
and then implementing invisible gateway experimentally
for EM waves in real time. It should be noted that the
superscattering or strongly enhanced scattering of a sub-
wavelength object could be achieved in certain directions
simply by enhancing some orders of scattering [33–35].
However, the superscatterer here has to be the same
scattering effect as that of its equivalent virtual object.
Since the scattering field of an object can be expressed by a
series of cylindrical waves in different orders in two
dimensions, the same scattering effect indicates all orders
of cylindrical waves for both the superscatterer and its
equivalent virtual object should be the same. This is
required for devices of illusion optics, so as to the
application of invisible gateway [20,29].
In this work, we discover the superscattering effect

experimentally from double-negative metamaterials made
of self-biased ferrite rods in microwave X band. By using
field-mapping technology, we experimentally show the
metamaterial superscatterer can repel the incident radiation
by the air in the mirror region of the superscatterer. We
observe the electric field localized at the interface of air and
DNM and decaying perpendicular to the interface, which
confirms the theory of superscattering is related to the
excitation of surface plasmons. By applying the super-
scatterer to implement the invisible gateway, we further
experimentally demonstrate that the gateway can stop
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incident waves in the air channel with a width much wider
than the cutoff width of the corresponding waveguide. Our
study provides real observation of the superscattering effect
of double negative metamaterials and the invisible gateway
for EM waves.
Superscatterer by double-negative metamaterials.—We

consider the superscattering of TE waves (with electric
field along the z axis) from a scatterer in the air background
as shown in Fig. 1(a). The scatterer is an all-dielectric
metamaterial with partial boundaries covered by a layer of
metal (in gray), which acts as a perfect electric conductor
(PEC) boundary. The metamaterial is composed of self-
biased Sr-ferrite rods arranged in a hexagonal lattice (a
magnetic photonic crystal, PC) [36,37]. Theoretical results
predict that its effective relative permittivity εr and per-
meability μr are simultaneously negative one at the fre-
quency of 10.8 GHz (Supplemental Material [38], Fig. S1).
It is known that any medium will be optically canceled

by the material constructed to be an inverted mirror image
of the medium with εr and μr reversed in sign [21].
Particularly, if the material parameters are εr ¼ μr ¼ −1,

the metamaterial scatterer and its mirror image in the air
form a pair of complementary media where the phase
accumulated in the metamaterial is exactly canceled by the
air [21]. As a result, in Fig. 1(a), the PEC boundary will be
mapped to the virtual PEC boundary in the air marked in a
dashed line, resulting in an equivalent bigger metallic block
that includes both the metamaterial and its mirror image.
The scatterer becomes a superscatterer with an increased
scattering cross section for the far-field observers. We
simulate the response of the superscatterer illuminated by a
plane wave under normal incidence. Simulations in this
Letter are carried out in COMSOL MULTIPHYSICS. Different
from the reported superscatters [33,34], here the scatterer is
with the feature size over the working wavelength.
Figure 1(b) shows the electric field distribution near the
superscatterer when a plane wave radiates from the top. We
see that the EM wave bounced away from the virtual PEC
boundary. The phenomenon clearly indicates that the
incident wave experiences a scatterer whose electric size
is bigger than its physical size. The physics behind such
superscattering effect is related to the excitation of surface
plasmons at the interface of the metamaterial and air [29],
where the evanescent waves are amplified [4]. The calcu-
lations show that the strongest superscattering happens at
the frequency of about 10.6 GHz, slightly different from the
theoretical frequency of index neff ¼ −1. The reason may
be the lattice-induced anisotropy of the magnetic PC
metamaterial.
Experimental verification of supperscattering effect.—

We implemented the double negative PC metamaterial by
embedding self-biased Sr-ferrite rods in the acrylonitrile
butadiene styrene background material engineered by 3D
printing technology (Supplemental Material [38], Sec. I).
Refractive experiments proved the effective index of the PC
metamaterial is neff ≈ −1 near the frequency of 10.66 GHz
(Supplemental Material [38], Fig. S2) at which the material
loss is low [37]. The superscatterer was fabricated by a
trapezoidal PC metamaterial and a metal block. Figure 1(c)
shows the superscatterer in the experimental setup which is
in the size of w ¼ 51 mm, l ¼ 235 mm, and the vertex
angle is 60° (not marked in the figure). The metal block
splice to the metamaterial functions as the PEC boundary.
In experiments, the plane wave was formed by the wave-
guide assembled by two absorbers with a gap of 90 mm. A
microwave field-mapping device was used to characterize
the response of the superscatterer (Supplemental Material
[38], Sec. VI).
Figure 1(d) illustrates the experimental result. In the

figure, the Sr rods are marked in white dots and the
aluminum block is in gray. We can see the incident plane
wave is pushed away from the air in the mirror area of the
metamaterial. Further, we observe the surface plasmons
excited at the interface of metamaterial and air; where the
electric field concentrates on the interface of PC meta-
material and decays perpendicular to the interface, which

FIG. 1. Superscattering effect of PC metamaterial. (a) Sche-
matic of the superscatterer. Ferrite rods (green dots) in air (blue
background) is partially enclosed by PEC (in gray). The dash line
is the virtual boundary of the mirror image of the PEC. The radius
of the rods is 2 mm and the lattice constant is 10 mm. (b) Super-
scattering effect at 10.6 GHz in simulation. The incident plane
wave is repelled away from the air within the dash lines.
(c) Schematic of the experimental setup for the superscatterer.
The inset is the local view of the sample. The size of the
metamaterial block is w ¼ 51 mm, l ¼ 235 mm, and the sharp
angle is 60°. The width of metal block is s ¼ 21 mm. The
waveguide constructed by two absorbers is to generate incident
plane wave. (d) The measured electric field Ez around the sample
at 10.38 GHz. The ferrite rods are marked in white dots and
aluminum is in gray.
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confirms the superscatterer is related to surface plasmons.
Because of the inevitably material loss, the superscattering
phenomenon is not so evident as the lossless case shown in
Fig. 1(b). The incident field may infiltrate into the virtual
PEC boundary, and the surface plasmons decay along with
the interface. A more detailed discussion can be found in
the Supplemental Material [38]. These observations are the
first time for the superscattering effect to be confirmed in
experiments.
We note the strongest superscattering effect appears at

the frequency of 10.38 GHz, which slightly deviates from
that of the index n ¼ −1 in the refraction experiment. The
frequency shift contributed by somewhat inevitable
anisotropy of the PC metamaterial, also appears in the
simulations.
Invisible gateway by superscatterer.—Figure 2(a) dis-

plays the schematic of the gateway made of the super-
scatterer and the metal blocks (in gray). The metal block
on the right locates exactly at the position where the
virtual PEC boundary is [see Fig. 1(a)]. This indicates
the electrical width of the air channel is zero and the
channel will virtually be blocked. Consequently, the gate-
way seems to be invisible for the incident wave (the
invisible gateway). As a demonstration, Fig. 2(b) plots
the wave propagation in the gateway. The incident wave is

excited by a line current source at the top of the channel and
on the centerline of the gateway. The figure shows the
incident wave is trapped in the gateway and inhibited going
through the channel. The incident wave will not “see” the
gateway. In contrast, if the metamaterial is replaced by a
metal, the wave can pass through the gateway as shown in
Fig. 2(c). In this case, the gateway can be considered as a
rectangular waveguide working in TE10 mode. Its cutoff
wavelength is about 95 mm, which is much larger than the
working wavelength (about 28 mm). Thus, the gateway
opens and can be seen for the incident wave.
Though the cutoff waveguide can stop the incident wave,

the invisible gateway stops the waves in a much wider air
channel. Generally, the cutoff waveguide forbids wave
propagation when the working wavelength λ is greater than
the cutoff wavelength of a waveguide. This requires the
width of the waveguide to be less than 0.5 λ for the
rectangular waveguides working in TE10 mode. However,
for the invisible gateway mentioned above, the width is
about 1.7 λ, which is much larger than that of the
conventional cutoff waveguide.
Experimental verification of invisible gateway.—We

implemented an invisible gateway as schematically dis-
played in Fig. 2(d). The air channel between the super-
scatterer and the metal block is w0 ¼ 51 mm, the same as
the width of the PC metamaterial. A line current source,
about 100 mm above the gateway, is used to excite EM
waves. The absorbers on the two sides of the gateway
absorb the incident radiation to avoid the interference of the
incident wave to the measurements.
Figure 2(e) shows the result of the field-mapping

measurement. We see the incident radiation penetrates
the gateway and attenuates rapidly along the channel. At
the end of the air channel, the field almost decays away.
The experimental result is in good agreement with the
simulation one displayed in Fig. 2(b), which confirms the
invisible gateway is caused by the superscattering effect of
the PC metamaterial. As a comparison, Fig. 2(f) shows the
experiment result where the metamaterial is replaced by a
metallic object. In this case, the incident radiation pene-
trates the gateway and goes through the gateway without
attenuation. We compute and compare the electric field
energy density (EED) averaged over the ports of the
gateway (Supplemental Material [38], Sec. III) since the
field-mapping technology only records the electric field.
The ratio of the EED at the output port [line A0B0 in
Fig. 2(a)] to the input port (line AB) is −10 dB. For the
metal waveguide the ratio is about −2.5 dB.
To show how the invisible gateway stops the wave

propagation, we plot the EED in the gateway, which is
displayed in Fig. 3(a). In the gateway along the direction
from position B to B0, the EED decay rapidly. At position
B0, the EED is only 10% of that of position B; 90% of the
energy is blocked. Here, the EED is averaged over the cross
section of the air channel. In contrast, the behavior of wave

FIG. 2. Invisible gateway of PC metamaterial. (a) Schematic of
the invisible gateway formed by the superscatterer and a metal
block on the right side. (b),(c) the electric field distribution in the
invisible gateway and PEC waveguide, respectively, simulated at
10.6 GHz. (d) Schematic of experimental setup for the invisible
gateway. The inset is the sample image of the gateway with
w0 ¼ 51 mm, the same as the width of the PC metamaterial
sample. (e) Measured electric field distribution in the invisible
gateway. The wave is stopped in the gateway. The surface
plasmons appear on the interface of the metamaterial and the
air. (f) Measured electric field when the metamaterial is replaced
by a metal. The wave goes through the gateway without decay.
All measurements were performed at 10.38 GHz.
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in the metal waveguide is much smoother and the EED
attenuation is only about 15%. The results are consistent
with the data obtained by simulations, which are shown
in lines.
Discussions.—The effective index of our PC metamate-

rial is frequency dispersive. The deviation of the index from
n ¼ −1 and the loss of the metamaterial will weaken the
superscattering effects. Nevertheless, we find the invisible
gateway can still work in a certain frequency range.
The simulations show that the invisible gateway is more
sensitive to the effective refractive index away from
n ¼ −1 than the loss (Supplemental Material [38],
Fig. S6). When the refractive index of the metamaterial
is between −0.93 and −1.07, the gateway can still stop the
wave propagation (Supplemental Material [38], Fig. S7).
Figure 3(b) shows the frequency dependence of EED

ratio at the two ports for the experiment. The ratio goes to a
minimum of about−10 dB at 10.38 GHz. The small energy
leakage is mainly caused by the somewhat anisotropy of the
PC metamaterial DNM. The leakage will grow fast if the
frequency deviates a little. Indeed, in experiments we
observed the gateway forbids the wave propagation some-
what with a narrow frequency range, but the field patterns
are not so good as displayed in Fig. 2(e). If the
invisible gateway includes a uniform DNM, there will be
little leakage (Supplemental Material [38], Fig. S6). At the
frequencies of 10.35 and 10.43 GHz, the ratios are −7 and
−8 dB, respectively, where we observed the field pattern
that stops wave propagation somewhat (Supplemental
Material [38], Fig. S8).
Furthermore, in magnetized states ferrite’s permeability

depends on bias magnetic field, therefore the effective index
of metamaterial can be tuned by the bias magnetic field. This
provides a special advantage for the currently invisible
gateway; at a given frequency we can switch the gateway

in the states of visible or invisible in real time by tuning the
external bias field, or change the working frequency of the
invisible gateway as required (Supplemental Material [38],
Secs. 4 and 5). Such advantages are also available for the
metamaterial fabricated by other tunable materials, such as
phase change materials [43].
In summary, we have implemented a superscatterer at

microwave frequencies by a double negative metamaterial
fabricated by self-biased ferrite rods. Using field-mapping
technology, we experimentally verify the physics of the
superscattering effect for EM waves: the incident plane
wave is repelled by the surface plasmons at the interface of
air and DNM. The superscatterer is then applied to the
invisible gateway, where we show that it can stop the wave
propagation in the air channel whose width is much larger
than the cutoff value of the corresponding waveguide. Our
results provide direct observation of the superscattering
effect of double negative metamaterials and the invisible
gateway for electromagnetic waves. The index tunability of
magnetic PC metamaterial can make the invisible gateway
switchable and tunable. Our implementation provide an
ideal platform for future designs of illusion devices that are
a fascinating research field in transformation optics [44].
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