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Reflexion / Transmission

kt

kr

= 1n 

ki , A

, r A

, t A

z

x

ε, µ < 0

Stetigkeit von Ex,y und Hx,y

⇒ Reflexionskoeffizient (in s-Polarisation)

r =
kzn/µ− kz1
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R = |r|2 ≤ 1, falls kzn/µ > 0 ⇐⇒ kzn < 0, n =
√

εµ < 0
→ Animation
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Transmission durch Schicht
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Zwei Grenzflächen ⇒ Transmission

t1n1(kx, d) =
t1ntn1 eikznd

1 − r2
n1 e2ikznd , tn1 = 1 + rn1

Ideale Bedingungen (ε = µ = −1)

t1n1(kx, d) =







eikznd
= e−ikz1d, |kx| ≤ ω/c

e−ikznd
= e−ikz1d, |kx| ≥ ω/c

(J. B. Pendry, Phys. Rev. Lett. 2000)

Weglänge d wird exakt kompensiert ⇒ Abstand 2d zwischen Bild und Quelle
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Experiment: ebener Wellenleiter mit gekreuztem Liniengitter

(Remigius Zengerle, J. mod. Optics 1987)
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Experiment: ebener Wellenleiter mit Liniengitter

(Remigius Zengerle, J. mod. Optics 1987)
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Simulation (+ Experiment): Drähte, Kondensatoren, Spulen (Mikrowellen)

(Grbic & Eleftheriades, Appl. Phys. Lett. 2003 + Phys. Rev. Lett. 2004)

Growing evanescent waves in negative-refractive-index
transmission-line media

Anthony Grbic and George V. Eleftheriadesa)

The Edward S. Rogers Sr. Department of Electrical and Computer Engineering, University of Toronto,
10 King’s College Road, Toronto, Ontario, M5S 3G4 Canada

~Received 15 November 2002; accepted 23 January 2003!

We show the enhancement of evanescent waves by a realizable negative-refractive-index ~NRI!
medium consisting of a periodic 2-D L,C loaded transmission-line ~TL! network. This network is
referred to as a dual TL structure. Growing evanescent waves within the dual TL structure are
predicted analytically and demonstrated through simulation. These findings confirm that the dual TL
structure is not simply a phase compensator that corrects the phase of propagating waves, but is in
fact a NRI medium, since it also enhances the amplitudes of evanescent waves. This structure is a
likely candidate for microwave subwavelength focusing and imaging applications. © 2003
American Institute of Physics. @DOI: 10.1063/1.1561167#

The possible subwavelength resolving property of a slab
of negative refractive index ~NRI! metamaterial predicted by
Pendry1 has renewed interest in media possessing negative
material parameters ~e,m!, which were first investigated by
Veselago in the 1960s.2 Pendry reveals that such ‘‘perfect
lenses’’ not only apply a phase correction to the propagating
Fourier components, which decay in phase away from their
source ~as do conventional lenses!, but also enhance the eva-
nescent waves, which normally decay in amplitude. In other
words, these perfect lenses achieve diffraction-free, near-
field focusing. The NRI metamaterial reported in Ref. 3 com-
bined an array of metallic wires to attain negative permittiv-
ity and an array of split-ring resonators to achieve negative
permeability.3 More recently, the periodic 2-D L,C loaded
transmission-line ~TL! network shown in Figure 1~a! was
shown to exhibit NRI properties over a broad frequency
range.4 This network will be referred to as a dual TL struc-
ture since it is of a high-pass configuration, as opposed to the
low-pass representation of a conventional TL mesh @see Fig.
1~b!#. Dual TL structures have been used to experimentally
demonstrate backward-wave radiation and focusing at micro-
wave frequencies.5–7 In this letter, we present analytic ex-
pressions and microwave circuit simulation results using
Agilent’s Advanced Design System ~ADS!™, which demon-
strate the enhancement of evanescent waves by a realizable
NRI metamaterial consisting of a dual TL structure. The en-
hancement of evanescent waves has to date only been treated
theoretically and has not been demonstrated in any realizable
structure. We show that evanescent waves actually grow
within the dual TL structure. These findings confirm that the
dual TL structure is not simply a phase compensator that
only corrects the phase of propagating waves, but is in fact
an NRI medium, since it also enhances the amplitude of
evanescent waves.

The transmission of an evanescent voltage plane wave
through a finite width NRI slab is depicted in Fig. 2. The
plane wave voltage V1 is y-directed and incident from a
positive refractive index ~PRI! medium. The incident plane

wave possesses a large transverse wave number (kxp) that
exceeds the intrinsic wave number (kp) of the PRI medium.
This results in an inhomogeneous wave with an imaginary
longitudinal wave number kzp52 ja . The NRI medium is
designed to have a relative refractive index of 21 compared
to the PRI medium. In addition, both media are impedance
matched to eliminate reflections at the two interfaces.

The PRI medium utilized is a TL mesh composed of the
unit cells shown in Fig. 1~b! while the NRI medium is made
up of the dual TL unit cells depicted in Fig. 1~a!. The dual
TL structure exhibits isotropic and homogeneous backward-
wave propagation characteristics when the interconnecting
transmission line sections are electrically short (bnd!1)
and the per-unit-cell phase delays in the z and x directions
are small: kznd!1, kxnd!1, where d is the unit cell dimen-
sion. Therefore, it can be considered a homogeneous NRI
medium. For frequencies where there is nearly isotropic
backward-wave propagation, the dispersion relation becomes

knd52AS Zon

vL
22bnd D S 1

ZonvC
2bnd D , ~1!

where kn is the intrinsic wave number in the NRI TL me-
dium, v is the radial frequency, bnd is the phase delay, and
Zon is the characteristic impedance of the interconnecting
transmission line sections, C is the loading series capaci-
tance, and L is the loading shunt inductance. The voltages

a!Electronic mail: gelefth@waves.utoronto.ca
FIG. 1. TL unit cells. ~a! Unit cell of dual TL structure ~NRI medium! and
~b! unit cell of TL mesh ~PRI medium!.
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0.821
51.25, exactly canceling the decay of the evanescent

wave. The phase progression in the x direction, which is not
shown, is linear (kxd50.4920 radians per unit cell! in all
three media. In order to simulate these infinitely long inter-
faces, additional voltage generators were placed along
boundaries ~d! and ~g!. The voltage generators along bound-
ary ~g! compensate for the power absorbed by boundary ~h!,
and the generators along boundary ~d! compensate for the
power absorbed by boundary ~c!.

In Fig. 4, the voltage magnitudes are plotted for a finite
sized structure that is only 10 cells wide and 15 cells in
length. Voltage generators were placed only along bound-
aries ~a! and ~b! to excite an incident plane wave, while all
other boundaries were terminated in their respective Bloch
impedances. Edge effects are apparent in these simulations
due to the structure’s finite size. Nevertheless, the growing
evanescent wave within this finite practical structure is still
quite evident.

The enhancement of evanescent waves by a realizable
NRI medium consisting of a periodic 2-D L,C loaded TL
network has been predicted analytically as well as demon-
strated through circuit simulation. Evidence of growing eva-
nescent waves within the dual TL medium is shown for both
infinite and finite length structures. The dual TL medium is a
likely candidate for microwave subwavelength focusing and
imaging applications.
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FIG. 3. Simulated voltage magnitudes for infinitely long interfaces ~in the x
direction!.

FIG. 4. Simulated voltage magnitudes for finite interfaces ~in the x direc-
tion!.

1817Appl. Phys. Lett., Vol. 82, No. 12, 24 March 2003 A. Grbic and G. V. Eleftheriades

Downloaded 14 Apr 2003 to 18.62.2.21. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp

Habilitation Mai 2004



Gitter aus Drähten und Ringen (Mikrowellen)

Pendry & al. 1999 + Experiment: Shelby, Smith & Schultz, Science 2001)

/word/pap/wecs/magwires.doc at 03 February 1999     page 16

Figure 13. Plan view of a split ring structure in a square array, lattice spacinga .

The two dimensional square array shown in figure 13 can be made by printing with metallic inks. If
each printed sheet is then fixed to a solid block of inert material, thickness a , the blocks can be
stacked to give columns of rings. This would establish magnetic activity along the direction of
stacking, the z − axis. The unit cell of this structure is shown in figure 14 on the left.

How do we make a symmetrical structure? Start from the structure just described comprising
successive layers of rings stacked along the z −  axis. Next cut up the structure into a series of slabs
thickness a , making incisions in the y z−  plane and being careful to avoid slicing through any of the
rings. Each of the new slabs contains a layer of rings but now each ring is perpendicular to the plane
of the slab and is embedded within. Print onto the surface of each slab another layer of rings and
stack the slabs back together again. The unit cell of this second structure is shown in the middle of
figure 14.

In the next step a third set of slabs is produced by cutting in the x z−  plane, printing on the surface
of the slabs, and reassembling. Finally we now have a structure with cubic symmetry whose unit cell
is shown on the right of figure 14.

Figure 14. Building 3D symmetry: each successive re-stacking of the structure adds a ring to
another side of the unit cell.

Struktur Simulation
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Draht als Schaltkreis

Ein

a

I Φ ind = L I

Eout

emK entlang Schlaufe = − magnetische Flussänderung

RI − aEout = −L
dI
dt

= iωLI

Widerstand R, Induktivität L (für Länge a)

Polarisationsstrom pro

Volumen (jpol = ∂tP)

aI = −iωPa3

Volumen-gemitteltes Feld

(dünner Draht)

E ≈ Eout

⇒ ε = 1− 1/ε0a
ω2L + iωR

, Ω2
eff =

c2

a2

µ0a
L
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Dünne Drähte: dielektrische Funktion
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Geschlitzte Ringe: Permeabilität
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Brechungsindex
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