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We report the transmission and reflection characteristics of a two-dimensional (2D) left-handed metamaterial
(LHM). A well-defined left-handed (LH) transmission band with a peak value of −9.9 dB is obtained at fre-
quencies where both effective permittivity and permeability are negative. A very sharp dip �−38 dB� at the
reflection spectrum due to impedance matching at the surface of a 2D LHM is observed. Gaussian beam shift-
ing experiments are performed to study the LH properties of a LHM structure. The structure has a negative
refraction of electromagnetic waves in a certain frequency range. The negative refractive index values obtained
for four different incident angles are in good agreement. © 2006 Optical Society of America
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. INTRODUCTION
ecently, novel types of artificially constructed materials,
o called left-handed metamaterials (LHMs), have been
xtensively studied. In his theoretical work,1 Veselago
redicted that it is possible to achieve a negative refrac-
ive index with materials that simultaneously have nega-
ive values of dielectric permittivity ��� and magnetic per-
eability ���. In such media, the electric, magnetic, and
ave vector components form a left-handed (LH) coordi-
ate system; hence the name left-handed material is used
s a description. Veselago also investigated various inter-
sting optical properties of LHMs such as backward Cher-
nkov radiation and reversal of the Doppler effect.1 In or-
inary materials, � and � are generally positive. However,
rtificially constructed periodic structures allow negative
alues of � and �. The periodic arrangement of thin-wire
tructures are shown theoretically and experimentally to
xhibit a plasma frequency at the microwave frequency
evel.2,3 These structures behave similarly to a high-pass
lter, meaning that the effective permittivity will take on
egative values below the plasma frequency. Pendry et al.
roposed a resonant structure, called a split-ring resona-
or (SRR), that enhances the electromagnetic response
wing to its capacitive elements.4 When these SRRs are
ombined in a periodic medium, the magnetic permeabil-
ty possesses negative values at frequencies close to the

agnetic plasma frequency.
The first experimental realization of LHMs was

chieved by Smith et al.5 Periodic arrays of SRRs and
hin-wire structures were shown to exhibit a LH trans-
ission band at frequencies where both � and � are
egative.5–7 This experiment was later followed up by the
irect measurement of the negative index of refraction.8

lthough the negative refraction phenomenon is dis-
ussed on the basis of the dispersion of LHMs,9 further
heoretical calculations10 and experimental studies11–13

ave supported the existence of negative refraction. Nega-
ive refraction is also achievable in two-dimensional (2D)
ielectric photonic crystals that have a periodically modu-
0740-3224/06/030415-4/$15.00 © 2
ated positive permittivity and a permeability of
nity.14–17

In this paper, we investigate the transmission, reflec-
ion, and refraction characteristics of a two-dimensional
2D) LHM. Our paper is organized as follows. First, we
resent the transmission and reflection spectra of a 2D
HM that exhibits a peak in the transmission spectrum
nd a dip in the reflection spectrum at LH frequencies.
e then verify the negative refraction experimentally by

sing a method different from that of the wedge structure
xperiments. The Gaussian beam shifting method at the
econd LHM–air interface is utilized to measure the re-
ractive index value.

. EXPERIMENT AND ANALYSIS
HM structures are generally composed of SRRs and

hin-wire grids. A periodic thin-wire medium is respon-
ible for the negative effective permittivity, whereas the
eriodic SRR structure provides negative effective perme-
bility. SRR and wire patterns are fabricated on the front
nd back sides of FR4 printed circuit boards. The metal
sed for deposition is copper and has a thickness of
0 �m. A single SRR cell has a diameter of 7.2 mm, the
idths of both rings are 0.9 mm, and the split width and

he distance between inner and outer rings are both
.2 mm.13 The length and width of the continuous thin-
ire structures are l=19 cm and w=0.9 mm, respectively.
igure 1(a) presents a schematic drawing of a 2D LHM
tructure. The shaded parts show a single unit cell; two
RRs and the wires are placed perpendicular to each
ther. The 2D LHM structure is composed of Nx=5, Ny
20, and Nz=40 unit cells, with lattice spacings ax=ay
az=9.3 mm as seen in Fig. 1(b).
Transmission and reflection measurements are per-

ormed in free space. The experimental measurement
etup consists of a HP 8510C network analyzer and mi-
rowave horn antennas. The incident electromagnetic
EM) wave propagates along the x direction, while E is
006 Optical Society of America
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long the y direction and H is along the z direction [see
ig. 1(a)]. Transmitter and receiver horn antennas are
onnected to the HP-8510C network analyzer to measure
he transmission coefficients. First we measured the
ransmission spectrum in free space (i.e., without a LHM
tructure). This measurement was used as the calibration
ata for the network analyzer. Then we inserted the
tructure between the horn antennas, and we performed
he transmission measurements by maintaining distance
etween the fixed transmitter and receiver antennas. The
istance between the horn antennas are kept at 35 cm to
et rid of near- field effects. For the reflection measure-
ents, two horn antennas were placed close to each other

y keeping the angle between the antennas very small.
he transmitter horn antenna sends the EM wave to the
urface, and the receiver antenna measures the ampli-
ude of the reflected EM waves. For calibration purposes
e placed a thick slab of metal (since metals reflect all of

he incident EM waves) 12 cm away from the antennas.
he metamaterial was also placed at a same distance
way from the antennas.
Figure 2 depicts the measured transmission (solid

urve) and reflection (dashed curve) spectra of a 2D LHM
n the range 3.0–5.5 GHz. The SRR structure is respon-
ible for the negative permeability in the frequency range
.55–4.05 GHz.13 The periodic wire medium has a plasma
requency at 8.0 GHz, below which the effective dielectric
ermittivity takes negative values.13 It is well known that
f there exists a frequency region where effective � and �
re both negative, a LH transmission band is likely to
ccur.5,6,11,13 In our case, a transmission band is observed

ig. 1. (a) Schematic drawing of 2D LHM. Shaded parts repre-
ent the unit cell of the LHM structure. (b) 2D LHM structure
sed for transmission, reflection, and refraction experiments.

ig. 2. Measured (a) transmission (solid curve), and (b) reflec-
ion (dashed curve) spectra of a 2D LHM structure between
.0–5.5 GHz.
etween 3.75–4.05 GHz (Fig. 2). At this frequency range
he effective parameters of the material (i.e., � and �) pos-
ess negative values; therefore the transmission band is
ndeed left-handed. The transmission peak measures
9.9 dB at 3.86 GHz.
A dip in the reflection spectrum is observed at

.86 GHz, corresponding to a dip value of −38 dB. At this
pecific frequency, the impedance is matched to the free
pace. Therefore, almost all of the EM waves enter the
HM structure without being reflected at the surface.
If the real parts of � and � are equal, the impedance of

HM will be equal to that of free space.18 As seen in Fig.
, the impedance-matched frequency region is very nar-
ow. Such a small range for an impedance-matched fre-
uency region is expected, since � is known to vary rap-
dly between the resonance and magnetic plasma
requency, although � varies slowly.4,19

Although the reflection spectra of a SRR-only and a
ire-only medium ave been studied previously,20,21 to our
nowledge no experimental evidence of an impedance-
atched metamaterial exists. Impedance matching at the

urface of a metamaterial is desired, since it reduces the
omplications of front-face reflection22 and ensures that
he negatively refracted beam is not the result of any ex-
erimental artifacts.23 Much more energy is transferred
nto the medium at impedance-matched frequencies.
herefore, the higher transmission �−9.9 dB� can be ex-
lained by better impedance matching between the free
pace and the LHM for our particular design. Addition-
lly, the matched impedance at the surface ensures the
alidity of the previously reported phase shift experi-
ents for the same structures.13

Observations of negative refraction through left-
anded metamaterials are performed mainly by using
edge-shaped samples.8,11–13 Furthermore, a phase shift

xperiment is a way to verify and calculate the negative
efractive index.13 Here we present an alternative way to
easure the refractive index of LHMs. The experimental

rocedure is similar to that of our previous studies on the
egative refraction of 2D photonic crystals.15,17

The refraction spectrum is measured by a setup con-
isting of a microwave horn antenna as the transmitter

ig. 3. Schematic drawing of the experimental setup for verify-
ng a negative refractive index. An electromagnetic wave is
ransmitted to the first interface by a microwave horn antenna
ith an angle �i. The EM wave is refracted with an angle �r

hrough a slab of a LHM structure.
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nd a monopole antenna as the receiver. The size of the
onopole antenna is 3.8 cm. Figure 3 shows the sche-
atic view of the experimental setup. The 2D LHM slab
as 10 layers along the incidence direction and 40 layers
long the lateral direction. The horn antenna is on the
egative side of the LHM structure with respect to its
entral axis. The source is 10 cm �1.5�� from the first in-
erface of the LHM slab. Full width at half-maximum of
he beam at the interface is comparable to the wavelength
nd smaller than the size of the incident surface �5��. The
patial intensity distribution along the second LHM–air
nterface is scanned in �x=2.5 mm steps. Initially, the
M wave is sent through the LHM sample with an inci-
ent angle of �i=15°.
Figure 4 shows the transmission spectrum as a func-

ion of the frequency and lateral position. The center of
he outgoing Gaussian beam is shifted to the left side of
he center of the incident Gaussian beam. This shift im-
lies that the angle of refraction is negative; hence the re-
ractive index, owing to Snell’s law, becomes negative. The
M wave is evidently refracted at the negative side for

requencies in the range 3.84–3.89 GHz. Since at these
requencies better impedance matching is achieved, these
xperimental results cannot be evidence of any unex-
ected experimental artifacts such as reflection.
Figure 5 displays the refraction spectrum at 3.86 GHz,

here the highest transmission and lowest reflection
ere observed. The center of the refracted Gaussian beam

s −1.25 cm from the center of the incident Gaussian
eam. We remind the reader that the incident field has a
aussian beam profile centered at x=0 (not shown in the
gure). One can easily find the refractive index value by

ig. 4. (Color online) Transmission spectrum as a function of
requency and the lateral position at the LHM–air interface.

ig. 5. Refraction spectrum at 3.86 GHz. The center of the
aussian beam is shifted to the left, which means the refractive

ndex is negative at this frequency.
pplying Snell’s law, where nair sin �i=nLHM sin �r. The
ngle of refraction can be defined in terms of the beam
hift �ds� and width of the LHM slab �wLHM� as �r
arctan�ds /wLHM�. The effective refractive index of the
HM is then calculated: neff=−1.91. We have previously
erformed wedge and phase shift experiments on the
ame structure.13 The refractive index values obtained
rom wedge experiments �neff=−1.95� and phase shift ex-
eriments �neff=−2.00� are in quite good agreement with
ur experimental results.

We performed the same experiment for three more in-
ident angles: �i=10°, 20°, and 30°. Table 1 shows the ex-
erimental results obtained from these measurements.
he peak of the Gaussian beam is observed at 7.5, 15.0,
nd 25.0 mm from the center of the incident Gaussian
eam, respectively. The effective refractive index values
btained from these measurements are −2.11 for �i=10°,
2.10 for �i=20°, and −1.89 for �i=30°. The agreement be-
ween the beam shift experiments for four different inci-
ent angles and also with the wedge and phase shift ex-
eriments is quite good. Since the index of refraction is
etermined by the material parameters effective � and ef-
ective �, one in fact expects to obtain the same values for
ifferent angles of incidence. However, the situation is
ifferent in 2D photonic crystals, since refraction depends
trongly on the wave vector.

. CONCLUSION
n conclusion, we have studied the transmission and re-
ection characteristics of a two-dimensional LHM struc-
ure. A left-handed transmission band is observed in a fre-
uency range where both effective permittivity and
ffective permeability are negative. The transmission
eak value is quite high �−9.9 dB� for a structure made of
etal. We have observed a very sharp dip in the reflection

pectrum, which is due to impedance matching at the sur-
ace. The reflection is very low at 3.86 GHz with a dip
alue of −38 dB; therefore all of the incident EM waves
an propagate inside the LHM structure. This is an im-
ortant advance in metamaterial development, that when
and � are equal and both negative, then we obtain a
ell-matched, negative index material. The Gaussian
eam shifting experiment is performed on the structure,
nd a negative refractive frequency region is observed.
he effective index values obtained for four different
ngles of incidence are in good agreement.
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