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One of the intriguing potentials of metamaterials is the possibility to realize a nonlocal

electromagnetic reaction, such that the effective medium response at a given point is fundamentally

entangled with the macroscopic field distribution at long distances. Here, it is experimentally and

numerically verified that a microwave nonlocal metamaterial formed by crossed metallic wires

enables a low-loss broadband anomalous material response such that the refractive index decreases

with frequency. Notably, it is shown that an electromagnetic beam refracted by our metamaterial

prism creates a reversed microwave rainbow. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4905152]

Rainbows are among the most stunning optical effects

in nature and have captured the human imagination for cen-

turies. Such a ubiquitous phenomenon is usually observed

when light passes through a glass prism or water droplets,

and is a consequence of the frequency dispersion inherent to

the materials.1 Causality and passivity constraints2 impose

that the refractive index of a conventional low-loss dielectric

material is a strictly increasing function of frequency.2 Thus,

colors associated with longer wavelengths are less refracted

than colors associated with shorter wavelengths, originating

the usual rainbow patterns.

Metamaterials with tailored electromagnetic responses

continue to be one of the most vibrant fields of research in

applied physics because of their transformational proper-

ties.3–8 An intriguing potential of metamaterials is the possi-

bility to realize a nonlocal response. In a nonlocal material,

the polarization vector at a given point of space does not

depend exclusively on the macroscopic electric field in a

small neighborhood of that point: it may depend on the elec-

tric field distribution in the whole crystal. Most of the con-

ventional (solid-state) materials behave, to a good

approximation, as local media. The electrodynamics of non-

local materials is much richer than in conventional media,

and this can have applications in the transport and manipula-

tion of the near-field,9–14 ultra-subwavelength waveguid-

ing,15–17 near-field superlensing,18,19 and broadband all-

angle negative refraction,20,21 amongst others.

To have a strong non-locality, the metamaterial topol-

ogy needs to be fundamentally different from those charac-

teristic of natural crystalline materials, wherein the atoms lie

isolated at the lattice points (cermet topology) and nearest

neighbor coupling dominates. The trick is to interconnect all

the structural unities of the metamaterial (network topology)

such that the response of each individual meta-atom becomes

fundamentally entangled with those of other meta-atoms

located at large distances, giving rise to a strong nonlocal

response. As shown in previous works, this can be achieved

based on crossed metallic wire inclusions that span several

unit cells of the material (“double” wire medium15,22,23,25).

With such a solution, the polarization acquired by each

meta-atom (formed by segments of the metallic wires)

strongly depends on the macroscopic electric field in far dis-

tant cells, because the electric current flowing along the

wires must be continuous across cells. In general, metamate-

rials formed by periodic arrays of metallic wires24–26 are

characterized by a strong spatial dispersive electromagnetic

response so that the dielectric function depends both on the

oscillation frequency x and the wave vector k (i.e.,

e ¼ eðx; kÞ).24 Wire media can have relevant applications in

the context of negative refraction,27 far-field superlensing,28

enhancement of the Vavilov-Cherenkov emission,29,30

enhancement of spontaneous emission and light-matter inter-

actions,31,32 radiative heat transport,33 and biosensing.34

As theoretically demonstrated in Ref. 35, one of the

exciting opportunities created by the strong nonlocal

response of the double-wire array is the realization of media

with a low-loss broadband anomalous material dispersion,

such that the refractive index decreases with frequency

(Fig. 1), i.e., dn=dx < 0 (n represents the refractive index of

the material).35 Even though regimes of anomalous disper-

sion are also possible with conventional dielectrics,36–38 the

physical origin and nature of these effects are rather distinct

from the proposal of Ref. 35. An anomalous dispersion in

usual dielectric materials is narrowband and creates a very

lossy effect due to absorption resonances.36,37 Quite differ-

ently, the anomalous material dispersion reported in Ref. 35

is a low-loss broadband property rooted in the specific topol-

ogy of the material. It may be attributed to the fact that long

metallic wires tend to obstruct the wave propagation more

effectively for low frequencies, because the wires length is
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infinitely large in the unbounded metamaterial. Thus, the re-

fractive index of the effective medium is increasingly large

for lower frequencies (Fig. 1), and in the limit of no loss, it

diverges to þ1 in the static limit.35

As already discussed in Ref. 35, a lossless anomalous

dispersion regime is fully compatible with the Kramers-

Kronig relations for nonlocal media. Furthermore, it was

shown in Ref. 39 that such a property may permit suppress-

ing the chromatic aberrations inherent to conventional

lenses, and that a compound lens formed by a thin glass layer

coated with a thin double wire medium layer may be aberra-

tion free.

Here, we report an experimental verification of the rever-

sal of the rainbow pattern by a metamaterial prism at micro-

waves. To this end, a prototype of a prism-shaped double wire

metamaterial was fabricated using a layer-by-layer design and

printed circuit board (PCB) techniques (Fig. 2). The metama-

terial prism prototype is formed by a stack of 297 printed cir-

cuit boards RT/duroid 5880, with eh ¼ 2:2, loss tangent

d ¼ 0:00065, and thickness a=2 ¼ 0:787 mm. The circuit

boards are parallel to the xoz plane. In this planar design, the

original cylindrical metallic wires are replaced by printed me-

tallic strips. Each circuit board was printed with parallel me-

tallic strips with width ws ¼ 0:247 mm. The metallic strips

are tilted by 645� with respect to the z-direction, such that

the metallic strips in adjacent boards are mutually orthogonal.

A horn antenna that operates in the X band is used to illumi-

nate the oblique face of the metamaterial prism along the nor-

mal direction (Fig. 2). In order to measure the x-component of

the electric field at the output plane (after propagation through

the metamaterial prism), we used an electric field probe

attached to the wrist of a moving robotic arm (shielded with

microwave absorbing material—Eccosorb LS-26) and con-

nected to a vector network analyzer (R&S ZVB20).

The measured squared amplitude of the x-component of

the electric field jExj2 associated with the refracted beam is

depicted in Fig. 3(a) for two different frequencies of opera-

tion: (i) f ¼ 7:605 GHz and (ii) f ¼ 16:325 GHz. It is mani-

fest from Fig. 3(a) that the transmission angle ht, defined by

the direction normal to the output interface (z-direction) and

the refracted beam, decreases with the frequency. According

to Snell’s law (sin ht ¼ n0 sin a, where n0 is the real part of the

metamaterial refractive index n ¼
ffiffi

e
p
¼ n0 þ in00), if ht

decreases with frequency then the refractive index must

decrease as well. Since the imaginary part of the metamaterial

refractive index n00 is rather small compared to the real part n0

(i.e., n0 � n00; see Fig. 1), this property can only be explained

by the strong spatial dispersive response of the metamaterial.

Thus, the experimental results of Fig. 3(a) support, indeed,

that this wire-based metamaterial is characterized by a low-

loss broadband anomalous material dispersion at microwaves.

We used a homemade spatial dispersive finite-difference

frequency-domain (FDFD-SD) code41 to numerically simu-

late the electromagnetic response of the double wire meta-

material prism. This numerical approach models the

metamaterial prism as a bulk material characterized by some

effective parameters (for more details, see Ref. 41). In the

FDFD-SD simulation, the metamaterial prism is infinitely

extended along the x-direction, and finite along the y- and

z-directions. The metamaterial prism is illuminated along the

normal direction by a Gaussian cylindrical beam character-

ized by a beam waist 2w0 ¼ 96 mm. These parameters were

chosen so that the Gaussian beam mimics closely the field

profile of the horn antenna excitation used in the experiment.

In Fig. 3(b), we show the FDFD-SD simulation results

of jExj2 in all regions of space for two different frequencies

of operation: (i) f ¼ 7:55 GHz and (ii) f ¼ 16:62 GHz.

Clearly, these results are qualitatively consistent with the

FIG. 1. Refractive index (n ¼ n0 þ in00) of the double wire metamaterial as a

function of the frequency, calculated using Eq. (4) of Ref. 39. (i) Real part of

the refractive index (n0) and (ii) imaginary part of the refractive index (n00).
The lattice constant a ¼ 1:574 mm, the radius of the wires is rw ¼ 0:05a, and

the host dielectric is assumed to be RT/duroid 5880 (eh ¼ 2:2ð1þ i 0:00065Þ).
The copper (Cu) wires are modeled using a Drude dispersion model with pa-

rameters taken from the literature.40

FIG. 2. Double wire metamaterial prism. (a) Geometry of the metamaterial

prism: a stack of dielectric slabs is imprinted with an ultradense array of me-

tallic strips with width ws and tilted by 645� with respect to the z-direction.

The metamaterial prism is excited by a horn antenna that illuminates the

prism along the normal direction. The dimensions of the prism are

W ¼ 148a ¼ 23:3 cm, D ¼ 28 cm, T1 ¼ 5:79 cm, and T2 ¼ 1:1 cm. The

prism apex angle a is 12�. (b) Photo of the fabricated metamaterial prism

prototype. (c) Photo of the experimental setup.
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experimental results of Fig. 3(a), also showing that the trans-

mission angle ht decreases with the frequency.

We have also simulated the response of the metamaterial

prism using the commercial electromagnetic simulator CST

Microwave Studio.42 In this simulation, all the fine details of

the microstructure of the metamaterial are taken into account.

All the structural parameters are chosen in agreement with the

experimental prototype, and similar to the experiment, a horn

antenna is used to excite the structure. However, while in the

experimental setup the horn antenna illuminates the oblique

face of the prism, in the CST simulation the prism is illumi-

nated through the opposite face to simplify the meshing of the

computational domain.

The time snapshots (t ¼ 0) of the x-component of the

electric field obtained with CST Microwave Studio for two

different frequencies of operation are depicted in Fig. 4.

These results further validate the previously described exper-

imental (Fig. 3(a)) and FDFD-SD numerical results (Fig.

3(b)), and further support that the double wire metamaterial

prism is characterized by an anomalous dispersion regime.

In order to demonstrate the broadband nature of this

property, we depict in Fig. 5 the transmission angle ht as a

function of the frequency in the 7.5–17.5 GHz range,

obtained with five different approaches: (i) the theoretical

formula ht ¼ arcsinðn0 sin aÞ; (ii) a physical optics approxi-

mation similar to what is reported in Ref. 35; (iii) the FDFD-

SD method;41 (iv) the full-wave electromagnetic simulator;42

and (v) the experimental measurements. A least-squares fit

was used to determine ht for the (iii) FDFD-SD, (iv) CST,

and (v) experimental results. Moreover, in order to check the

accuracy of our least-squares based fitting method, we have

also calculated the transmission angle using a spatial Fourier

transform approach that allows us to determine the dominant

(ky, kz) wave vector components of an image and thereby ht.

The maximum relative error between the transmission angles

calculated with the two different fitting methods is about 5�.
As seen in Fig. 5, the qualitative agreement of the results

obtained with the different approaches is very good. All the

curves in Fig. 5 indicate that the transmission angle ht

decreases with frequency, contrarily to what happens in a

conventional glass prism. On the other hand, one can see that

the CST results are the ones that better match the experimen-

tal data. In CST simulation, we only obtained results for fre-

quencies less than 16 GHz due to limited computational

resources. It may be noticed that all the other results are

slightly above the experimental ones (by about 5�). This is

simply related to the fact that with the exception of the CST

FIG. 3. Normalized squared amplitude of the electric field. (a) Density plot

of the measured jExj2 in the scanning plane (z < 0). (i) f ¼ 7:605 GHz and

(ii) f ¼ 16:325 GHz. To ease the interpretation of the results, a schematic

drawing of the metamaterial prism and horn antenna (at full scale) is shown.

The propagation is towards the left-hand side region. (b) Density plot of

jExj2 inside and outside the metamaterial prism calculated using a FDFD-SD

simulation41 based on the effective medium model. (i) f ¼ 7:55 GHz and (ii)

f ¼ 16:62 GHz. The green dashed lines represent the refracted beam propa-

gation direction, whereas the black dashed lines represent the direction nor-

mal to the interface. The spatial coordinates y and z are normalized to the

reference wavelength kn ¼ 39:71 mm.

FIG. 4. Time snapshot of the normalized electric field Exðt ¼ 0Þ obtained

from full-wave simulations done in CST Microwave Studio.42 (a) f ¼ 8:9 GHz

and (b) f ¼ 16 GHz. The purple dashed lines represent the refracted beam

propagation direction, whereas the black dashed lines represent the normal to

the interface.

FIG. 5. Transmission angle ht as a function of the frequency f. (i) Solid line:

obtained using the theoretical formula ht ¼ arcsinðn0 sin aÞ; (ii) dashed line:

obtained from the physical optics approximation;35 (iii) diamond-shaped

symbols: calculated using a FDFD-SD simulator;41 (iv) dotted-dashed line:

calculated using the full-wave electromagnetic simulator CST;42 and (v)

star-shaped symbols: experimental results.
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simulation, all the other simulations assume a 2-dimensional

setup wherein the prism and the source are invariant to trans-

lations along the x-direction.

In conclusion, we have experimentally verified that the

transmission angle ht of a beam refracted at the interfaces of

a microwave metamaterial prism formed by nonconnected

crossed metallic wires decreases with frequency in a wide

spectral range. Our results provide a clear experimental proof

of the low-loss broadband anomalous material dispersion re-

gime predicted in Ref. 35. It is important to stress that, since

the spatial dispersive response of the metamaterial persists

even at high frequencies, and despite all the technological

challenges, the reported phenomenon may be also experi-

mentally demonstrated in the terahertz, infrared, or even op-

tical frequency bands.39
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