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In this work we present numerical and experimental results of negative refraction through a negative index
metamaterial based on miniaturized extraordinary transmission stacked subwavelength hole arrays, also known
as stacked fishnet structures, working in the millimeter wave range. Analytical transmittance as a function of
frequency and tangential momentum shows the conditions under which negative refraction is expected. Due to
the role of the gap-surface-plasmon-polariton-like mode that gives rise to the resonant magnetic response of
this structure, strong dispersion with the angle of incidence is expected. Experimental results using a quasiop-
tical bench in the millimeter wave band demonstrate negative refraction and, besides, reasonable agreement
with the simulation results is obtained. A discussion based on leaky waves serves to qualitatively explain the
main features. The presented results may find application in the design of new lenses and devices both in the
microwave, terahertz, and optical ranges.
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Left-handed metamaterials �LHM� or negative refractive
index media �NIM� allow the possibility of reversing Snell’s
law, i.e., to obtain negative refraction at the interface be-
tween a standard medium and a NIM. That means that light
is bent anomalously, crossing the normal.1,2 Negative index
of refraction occurs when both dielectric permittivity and
magnetic permeability are simultaneously negative. Also, in
a NIM, phase and group velocities have opposite signs.

An experimental measurement of NIM was given in Ref.
3 by mixing a wire medium ���0� �Ref. 4� and an array of
split-ring resonators �SRRs� ���0�.5 Then, a wedge-shaped
geometry was constructed, i.e., a prism, showing negative
refraction. Negative index has also been reported in photonic
crystals.6,7

In turn, extraordinary optical transmission �EOT� �Ref. 8�
is a high transmittance peak that appears in the hole cut-off
region of perforated metallic plates. This phenomenon was
initially ascribed to the coupling of light to surface plasmons,
but the replica under perfect electric conductor �PEC� for-
malism theoretically9 and experimentally in other regions of
the electromagnetic spectrum10 showed that plasmons are not
necessarily involved in the process �see Refs. 11 and 12�.

By simply stacking EOT hole arrays, left-handed propa-
gation is obtained in the longitudinal dimension when the
period is subwavelength, allowing to use the metamaterial
terminology in that dimension. In Ref. 13 we measured an
extraordinary transmission metamaterial �ETM� in the milli-
meter wave range that was constructed following that
method. Similar results, but outside the scope of EOT, were
presented at optical frequencies14,15 where plate alignment
difficulties and losses for such tiny holes restricted the stack-
ing to a pair of fishnet plates for the optical arrangements. A
proposal to bypass these limitations has been recently pro-
posed by using semiconductor layers and avoiding reso-
nances �see Ref. 16�. In Ref. 13 we analyzed longitudinal LH
propagation by using an inverse transmission line, with the
parallel inductance given by the cutoff holes and the series
capacitance by the electric coupling between correlative
plates. Also, the role of evanescent modes in an equivalent
waveguide analysis was highlighted in Ref. 17. Furthermore,

a miniaturized design was presented in Ref. 18.
In a recent work, we experimentally observed negative

refraction through an ETM wedge constructed with double
periodic subwavelength hole arrays.19 In this structure, there
is left-handed propagation uniquely along the longitudinal
direction. Due to the staircase wedge approximation, whose
step is determined by the lateral dimension dx of the unit cell
and longitudinal LH propagation, adjacent holes located at
the output face show a negative phase difference which
causes the desired negative refraction.

In this work, we experimentally demonstrate negative re-
fraction through an ETM slab with parallel faces, i.e., with
no special shape. This result is essentially different from the
previously-mentioned negative refraction through a prism.
Here, negative refraction is intrinsic to the structure and
comes up as a result of LH propagation in two axes, longi-
tudinal and transversal. The negative refraction under ob-
lique incidence at ETM is experimentally reported. This pa-
per is mainly devoted to experimental results that can be
complemented with a recently reported theoretical analysis.20

The structure under consideration along this paper is de-
picted in Fig. 1: a doubly-periodic dielectric-loaded extraor-
dinary transmission subwavelength hole array. The dimen-
sions of the structure are the same as those employed in Ref.
18, namely: hole array periods, 3.4 mm and 1.5 mm; stack
period, 0.525 mm; hole diameter, 1.2 mm; substrate param-
eters: relative dielectric constant, �r=2.43; dielectric thick-
ness, h=0.49 mm; metallization thickness, t=35 �m; con-
ductivity, �=5.8·107 S /m; and circular wafer diameter, 62.4
mm. With these parameters, an extraordinary transmission
band is expected within the V band of the millimeter wave
spectrum.18

The experiment was carried out employing a single wafer
and four stacked wafers. In our notation, a single wafer con-
sists of a metallic perforated plate sandwiched between two
identical dielectric slabs, with a total thickness of around
1.015 mm �=t+2h�. The stack of four wafers has a total
thickness of 2.59 mm �=4t+5h�.

The measurements were done using an ABmm™ Vector
Network Analyzer and a quasioptical bench �see Fig. 2�. The
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elliptical mirrors provide a collimated Gaussian beam
illumination21 on the sample location. As depicted, the plane
of incidence is the x-z plane and the polarization used is P,
i.e., the electric field is parallel to the plane of incidence.
Several angles of incidence were studied by rotating the
samples around the y axis. Notice that with the polarization
used, the tangential component of the electric field �Et� is
parallel to the large hole periodicity, a necessary condition to
excite EOT resonance.18

We studied experimentally the frequency dependence and
beam deflection for one and four stacked wafers as a function
of the angle of incidence. We considered five different

angles, namely �i=0, 5°, 10°, 20°, and 30°. To characterize
the beam deflection we performed a scan of the power dis-
tribution at the output with the receiver horn antenna. A
sketch of the setup is depicted schematically in the top inset
of Fig. 2. Notice that the origin of the lateral shift was placed
at the location where the transmitted ray would emerge if n
=0, that is, following the normal, to correlate unambiguously
negative beam displacement with negative refraction. This
position corresponds to a lateral shift �s=d sin��i� with re-
spect to the location of the incident beam, where d is the total
thickness of the slab and �i is the angle of incidence. This is
our reference of the lateral displacement L. Following the
notation of the figure, if the maximum of the transmitted
beam is found at a place where L is positive, then it can be
said that the beam is positively refracted. Conversely if the
maximum is found at a negative L, then the beam was nega-
tively refracted, or the bulk material is a NIM.

The measurement results of a single wafer are plotted in
Fig. 3�a�. First, we show the free-space measurement i.e., no
sample in the path between antennas, to test the correctness
of the experimental setup �labeled in Fig. 3 as Gaussian
beam�. Then, we introduce the sample under test with a
single wafer and check the normal-incidence behavior. A
clear frequency filtering effect is obtained within the EOT
band �around 67 GHz�. No beam deflection is noticed but
some collimation is observed compared to the unperturbed
Gaussian beam when no sample is introduced. Anyway, the
beam width at the output is similar to the free-space mea-
surement. Increasing the angle of incidence to �i=5° has a
clear effect in the lateral beam displacement, which
progresses slightly toward negative values. The frequency
filtering is also present, and the band remains approximately
within the above-mentioned frequencies. An increment to
�i=10 deg, emphasizes the negative displacement and also
moves the frequency band downwards. Notice also that the
peak amplitude diminishes somewhat, but still has an appre-
ciable level. At the incidence angle of �i=20 deg, the lateral
shift remains approximately unchanged but the frequency
band is clearly shifted and appears between 58 and 62 GHz.
Also, a second band emerges at the end of the band �71 GHz�
and seemingly no lateral shift appears. Finally, when �i
=30 deg, the first band is located between 52 and 56 GHz
with practically the same beam shift and a reduced but still
noticeable peak level, about −9 dB. The second band is also
shifted downwards in frequency with negligible lateral shift.
The measured frequency toward lower frequencies for a
single EOT wafer is in good agreement with the analysis
shown in Ref. 22.

When four wafers are stacked, the measurement under
normal incidence shows a frequency filtering with first and
second EOT peaks located around 54.6 and 60.5 GHz, re-
spectively �see again Ref. 18�. Due to losses, the peak level
in both cases is around −15 dB, a moderately high value.
When �i=5 deg, the EOT band �formed by both afore-
mentioned peaks� maintains its position and a clear negative
beam shift of L=5 mm appears. In the case of �i=10 deg,
the band downshifts to peak frequencies of 54.2 and 58.3
GHz with a lateral beam displacement of L=20 mm and 10
mm, correspondingly. Very interestingly, when �i=20 deg,
transmission is abruptly destroyed indicating that the critical

FIG. 1. �Color online� Schematic of four stacked wafers. The
wafers have been moved away from each other for clarity. Param-
eters: short period, 1.5 mm; large period, 3.4 mm; stack period,
0.525 mm; and hole diameter, 1.2 mm. Substrate parameters: di-
electric constant, �r=2.43; thickness, 0.49 mm; metallization thick-
ness, 35 �m; and conductivity, �=5.8·107 S /m. Circular wafer
diameter, 62.4 mm.

FIG. 2. �Color online� Photograph of the setup comprising two-
horn antennas �transmitter and receiver�, a pair of elliptical mirrors
to focus the beam on the sample under test, and �inset on the left� a
picture of the fabricated prototype with the orientation of the inci-
dent electromagnetic fields.
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FIG. 3. �Color online� Experimental magnitude of the transmission coefficient of a single wafer �a� and four stacked wafers �b� measured
when the incident wave has its polarization contained on the x-z plane, that is the P polarization. Data are collected at five different angles:
0° �normal incidence�, 5°, 10°, 20°, and 30°. Note that there are two different transmittance scales for clarity.
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angle to observe transmission is close to this value. Finally,
at �i=30 deg, transmission is completely annihilated. These
results are in concordance with the theoretical analysis of
Ref. 20.

From the experimental results, a negative beam deflection
�negative refraction� is observed both for a single and four
stacked wafers, but it is clearly enhanced when a bulk mate-
rial is constructed by stacking wafers as it can be easily
concluded from the fact that the wave propagates more dis-
tance for the case of four stacked plates than for the isolated
one. The Gaussian beam suffers considerable displacements
to negative values, as large as L=−20 mm �4�� when �i
=10 deg. Clearly, as the angle of incidence increases, the
beam displacement also increases, but also losses are en-
larged and when �i=30 deg the transmission is practically
negligible. The results here presented are in good agreement
with the analytical study of one wafer and two stacked wa-
fers shown in Ref. 20 �two-dimensional �2D� hole array and
double fishnet, respectively, according to notation in this ref-
erence�.

To reinforce the experimental results we have simulated
the case of four stacked wafers when �i=10 deg with the
commercial solver CST Microwave Studio �CST MWS�.23

Periodic boundary conditions have been imposed on the con-
tour, giving as a result a semi-infinite structure. The plot of
Fig. 4 shows the time evolution of Hy at a cross section
where the hole can be easily identified. With the polarization
we are using, Hy is the total magnetic field. Negative refrac-
tion is evident in the figure as stressed by the arrows. More-
over, attending to the evolution of the field along the x axis,
it is observed that outside the structure the maximum evolves
toward positive values, whereas inside the structure, it
evolves toward negative values.

The key to discern between positive and negative refrac-
tion is to determine the relative sign of the tangential group
and phase velocity inside the material: if both have the same
sign, then positive refraction takes place; on the other hand,
if they have different signs, then negative refraction happens.
This has been schematically depicted in Fig. 5. It is observed
that both in positive and negative refraction, the tangential
wave vector must be conserved at the interface, as it is well
known. Therefore, to get negative refraction, the tangential
group velocity must reverse and so the relative sign of phase
and group velocities is different. In the standard positive re-
fraction, both have the same sign.

Using the frequency domain solver of CST MWS we have
simulated the transmittance through four semi-infinite
stacked wafers. We performed a parameter sweep of the tan-
gential phase difference �normalized in Fig. 6 as ktdt /2	�
and found the transmittance in every case. In the vertical axis
of Fig. 6 is depicted the normalized frequency dt /�.

Following the previous discussion to determine negative
refraction, one has to compare the relative propagation sense
of phase and group velocities. Both velocities can be ex-
tracted from the dispersion diagram taking into account that
the direction of the average phase velocity is parallel to k and
the direction of the average group velocity is given by
gradk�
�.7,24 Then, the group velocity is proportional to the
slope of the band depicted in Fig. 6.

On the one hand, several modes are excited in ETM ac-
cording to our analytical angular dependence of the transmis-
sion. The additional resonant modes respect to one

FIG. 4. �Color online� Time evolution of the magnetic field Hy

in the x-z plane for four equispaced phases ��=0, 90°, 180°, and
270°�. FIG. 5. �Color online� Representation of the mechanism of

negative �left� and positive refraction �right� through a slab under
oblique incidence illumination. To guide the eyes, blue �upper� and
pink �lower� arrows have been used to represent group velocity and
wave vector, respectively, in both cases.

FIG. 6. �Color online� Simulated angular dependence of the
transmission particularized to the first band of four stacked sub-
wavelength hole arrays for P-polarization incidence.
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extraordinary- transmission-perforated metallic plate have
been correlated with the symmetric and antisymmetric
modes that come as a result of electromagnetic coupling
through the hole pattern between neighboring spoof gap-
surface plasmon polariton.25,26 On the other hand, it is
plainly seen that the first band formed by three of the afore-
mentioned hybridized modes has a negative slope. Then, the
tangential group velocity is negative, whereas the tangential
phase velocity is positive. So, negative refraction is also
foreseen in the simulation. From previous works we know
that also the normal components are antiparallel �see Ref.
18� and in consequence, we can affirm that the material has
negative characteristics in both axes.

This transversal infinite structure results can serve to
qualitatively predict the behavior of realistic and finite struc-
tures. First, let us consider angles close to the normal inci-
dence �kt�0�: in this region, the group velocity has a pre-
dominant longitudinal component �z component�, which
leads to negligible lateral displacement as a result of an al-
most normal transmission. Then, as the angle of incidence
increases, the slope of the curve becomes more significant,
i.e., transversal component of the group velocity is empha-
sized which makes the transmitted beam move away from
the normal, causing a measurable lateral displacement. Fi-
nally when the angle of incidence is large enough, the tan-
gential group-velocity vector crosses a long fraction of the
slab which theoretically would produce a very large lateral
displacement for the infinite structure whereas in the practi-
cal finite structure case, results in negligible transmission,
i.e., a critical angle beyond which no transmission is
achieved. This agrees qualitatively with the measurements,
where it is observed that the peak of transmission decreases
as the angle of incidence is enlarged. Moreover, also the
shrinkage of the band as the angle of incidence increases
agrees well with experiment and analytical study. Logically,

nothing beyond a qualitative agreement can be expected,
since in the infinite structure simulation the peculiar features
of the finite counterpart are lost. For instance, the finite num-
ber of holes can introduce an additional penalty in the trans-
mission coefficient as the angle of incidence moves away
from the normal, since the illumination is less efficient.

As explained in Refs. 12 and 18, EOT phenomena are
directly related to the coupling of the incident and transmit-
ted fields to leaky waves. More specifically the incident
wave is coupled to the m=−1 space harmonic that propa-
gates along the surface and is reradiated again at the output.
At the EOT frequency, this space harmonic has antiparallel
phase and group velocities, or in other words, it has a LH
propagation characteristic. Thus, the combination of longitu-
dinal and transversal left-handed propagation effects makes
possible the achievement of negative refraction by stacking
EOT hole arrays.

Summing up, we have presented experimental results of
negative refraction through a parallel face slab of ETMs
made by stacking subwavelength hole arrays. We have car-
ried out a deep analysis based on the simulation of two-
dimensional dispersion diagram, time magnetic field Hy evo-
lution, and large amount of measured data to prove the
negative refraction under oblique P-polarization incidence in
this structure. The measured beam displacements expected
by simulation according to our dispersion diagram show
good qualitative agreement with previous analytical
studies.20,22 Moreover, a leaky-wave-based discussion to ex-
plain the behavior has been as well introduced.

This work opens the possibility to negative refraction in
the optical range using similar structures.27
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