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Superluminal transmission of information through an electromagnetic metamaterial
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A passive, matched two-time-derivative Lorentz material medium is designed to have its equivalent permit-
tivity and permeability smaller than their values in free space over a large range of frequencies. Superluminal
pulse propagation in this medium and consequent superluminal information exchange without a violation in
causality are demonstrated. Additional properties of this medium are developed including the energy in it and
the force characteristics induced on it by electromagnetic field interactions. It is shown that the force on the
medium can be made to be attractive or repulsive using a change in frequency or a change in the material
characteristics. Potential applications are discussed.

DOI: 10.1103/PhysRevE.63.046604 PACS number~s!: 41.20.Jb, 03.50.De, 84.40.2x, 81.05.Zx
s
a

un

h
ls
fo
s
a

-
bi
es
-
il

se
i-
in
u

u
n
be
v
u

w

a
vi
ob

ne
a

al

vio

ld
e-
-
ces

of

dif-
on
he

n
the
ck-
r
e
re
of
ers

nt

ma-

ect.
rs

o be
e
u-

ion
es
inu-
se
el-
u-
in-
als

on
ac-
rgy
the

orce
ive

of
I. INTRODUCTION

In the past few years, there has been a renewed intere
using structures to develop materials that mimic known m
terial responses or that qualitatively have new response f
tions that do not occur in nature. Artificial dielectrics@1#
were explored, for example, in the 1950s and 1960s for lig
weight microwave antenna lenses. Artificial chiral materia
e.g., @2–8#, were investigated in the 1980s and 1990s
microwave radar absorber applications. Recent example
these artificial material activities include photonic band-g
structured materials@9–13#, artificial electric and magnetic
molecules@14–19#, and artificial electric and magnetic ma
terials, which, like many of the chiral materials, can exhi
positive or negative permittivity or permeability properti
@20–23#. Very recent experiments involving artificial mate
rials with simultaneous negative permittivity and permeab
ity @24,25# have captured the public’s attention@26#.

The qualitatively new response functions of the
‘‘metamaterials’’ are often generated by artificially fabr
cated, extrinsic, low-dimensional inhomogeneities. For
stance, the artificial molecules are based upon the introd
tion of arrays of electrically small, loaded antennas into
host substrate. Design rules for obtaining the molec
metamaterials that exhibit the common Debye and Lore
material model responses and their generalizations have
given for both electric and magnetic properties. They ha
already proven useful for Maxwell equation numerical sim
lation technologies@27–32#.

In this paper, one of the metamaterial models, the t
time derivative Lorentz material~2TDLM! model, will be
emphasized. This model is a generalization of the stand
Lorentz material model and encompasses the permitti
and permeability material responses experimentally
tained, for instance, in@25#. A 2TDLM medium slab that is
matched to free space is designed, and its electromag
properties are explained. In particular, it will be shown th
this type of 2TDLM medium can be designed so that it
lows communication signals to propagatein the mediumat
speeds exceeding the speed of light in vacuum without
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lating causality. This 2TDLM medium is passive, and cou
be potentially realized physically. Simulations with a finit
difference time domain~FDTD! approach confirm the super
luminal properties. The electromagnetic energy in and for
on a slab of this material are calculated for various values
the material’s characteristic parameters.

It must be emphasized that these superluminal effects
fer from the superluminal solutions of the wave equati
@33,34# and their array/aperture realizations through t
‘‘sling-shot’’ effect @35# both acoustically@36# and electro-
magnetically@37#. These finite aperture experiments rely o
a near-field effect; they do not violate causality since
resulting superluminal interference pattern surfs on a ba
ground of ‘‘c’’ traveling waves which arrive at the detecto
before the ‘‘.c’’ traveling interference peak does. On th
other hand, the 2TDLM medium superluminal results a
analogous to, but differ from the gain-assisted type
superluminal behavior discussed by Chiao and co-work
in @38–43# and illustrated more dramatically with rece
experiments by Wanget al. @44#. Here the 2TDLM material
is passive and is directly related to the double negative
terial realized in @25#. Moreover, the 2TDLM medium
superluminal results are not related to a Cherenkov eff
Simply, as shown below, the 2TDLM medium paramete
are selected to cause the natural speed of waves in it t
greater than ‘‘c’’ for a very large band of frequencies. Th
actual realization of this metamaterial would not violate ca
sality. Since the artificial molecules depend on the condit
that they be electrically small, the 2TDLM model becom
inappropriate at infinite frequencies. Because the discont
ity of turning on the communication signal requires tho
infinite frequencies, the leading edge of the signal is trav
ing at ‘‘c’’ and causality is preserved. This type of superl
minal medium could, however, be used for a number of
teresting applications including the propagation of sign
along interconnects in integrated circuits~IC’s! to increase
their speeds.

The electromagnetic energy in and the forces induced
the 2TDLM medium by an electromagnetic field are char
terized with the FDTD simulator. Issues of negative ene
in a lossy dispersive medium that are associated with
resonance region are discussed. It is shown that the f
induced on a 2TDLM medium can be attractive or repuls
depending on the 2TDLM parameters or on the frequency
©2001 The American Physical Society04-1
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the interacting electromagnetic field. Potential applicatio
and realizations of this result are discussed briefly.

II. 2TDLM MODEL PHYSICS

We are interested in the propagation effects throug
medium that is linear and described by the 2TDLM mod
introduced in@14–17,27# and used in@31,32# to describe an
absorbing material that could be matched to a lossy dielec
for use as an absorbing boundary condition in an FD
simulator. Thex̂-directed polarization andŷ-directed magne-
tization fields in such a material would have the forms

]2

]t2Px1G
]

]t
Px1vo

2Px

5eoS vp
2xa

eEx1vpxb
e ]

]t
Ex1xg

e ]2

]t2ExD , ~1!

]2

]t2My1G
]

]t
My1vo

2My

5vp
2xa

mHy1vpxb
m ]

]t
Hy1xg

m ]2

]t2Hy , ~2!

wherev0 is the resonance frequency andGe,m is the width of
that resonance. The termsxa

e,m , xb
e,m , and xg

e,m represent,
respectively, the coupling of the electric~magnetic! field and
its first and second time derivatives to the local elec
~magnetic! dipole motions. The termvp can be viewed as
the plasma frequency associated with those dipoles an
introduced to make thexe,m coefficients dimensionless. As
suming an exp(jvt) time variation, this 2TDLM model leads
to the following frequency-domain electric and magne
susceptibilities:

xxx
e ~v!5

P̃x~v!

e0Ẽx~v!
5

vp
2xa

e1 j vvpxb
e2v2xg

e

2v21 j vGe1v0
2 , ~3!

xyy
m ~v!5

M̃ y~v!

H̃y~v!
5

vp
2xa

m1 j vvpxb
m2v2xg

m

2v21 j vGm1v0
2 . ~4!

Moreover, as was highly desired for the electromagne
absorber applications, we will force the 2TDLM medium
be matched to free space. This means we set the electric
magnetic parameters to be the same to obtainxxx

e (v)
5xyy

m (v)5x2TDLM(v), where

x2TDLM~v!5
vp

2xa1 j vvpxb2v2xg

2v21 j vG1v0
2 . ~5!

This guarantees that the wave impedance in this matc
2TDLM medium equals that of free space,

Z2TDLM5H m0@11x2TDLM~v!#

e0@11x2TDLM~v!# J
1/2

5S m0

e0
D 1/2

5Z0 , ~6!
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which means the reflection coefficient from it will be zer
i.e., R5(Z2TDLM2Z0)/(Z2TDLM1Z0)50.

The 2TDLM model ~5! recovers the standard Loren
model whenxb5xg50.0. It also recovers the electric pla
mon behavior for the permittivity of the ‘‘bed of nails’’ me
dium discussed in@22# when v05xb5xg50.0, and the
magnetic permeability response for the split ring resona
medium reported in@23# whenxa5xb50.0.

More generally, consider the large frequency behavior
the susceptibilityx2TDLM(v). One obtains

lim
v→`

x2TDLM~v!;xg . ~7!

This means, for instance, that the 2TDLM model’s perm
tivity and permeability at high frequencies

e2TDLM~`!;e0~11xg!,
~8!

m2TDLM~`!;m0~11xg!

depend only on the value ofxg . On the other hand, one find
that the dc behavior of the 2TDLM susceptibility is

lim
v→0

x2TDLM~v!;
vp

2

v0
2

xa ~9!

so that the 2TDLM model’s dc permittivity and permeabili

e2TDLM~0!;e0S 11
vp

2

v0
2

xaD ,

~10!

m2TDLM~0!;m0S 11
vp

2

v0
2

xaD
depend only on the value ofxa .

In particular, we will be considering cases for whichxg
,0 so that, for instance, at high frequenciese(`)/e0,1 and
m(`)/m0,1. Recall that the interest in this choice is drive
by the realization of such parameter conditions in rec
double negative metamaterial experiments@25#. This coeffi-
cient choice will define the superluminal 2TDLM media
interest here.

Figure 1 illustrates the real and imaginary values
x2TDLM(v) for a medium with xa51.0, xb51.031025,
xg520.5, G51.031021v0, and vp5v052p f 0 for f 0
51.03109 Hz51.0 GHz. These parameters are selected
illustrate with the real part of the susceptibility the ability
the 2TDLM model to realize large negative permittivity an
permeability values near the resonance as well as permi
ity and permeability values below their free-space valu
away from it. The large negative value for the imaginary p
of the susceptibility at the resonance frequency illustra
that, like a Lorentz medium, the 2TDLM medium is ve
lossy near its resonance.

We will consider anx-polarized, one-dimensional plan
wave propagating in thez direction in a semi-infinite
matched 2TDLM slab. The dispersion relation in th
2TDLM medium is
4-2
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k25v2@e~v!m~v!#5v2e0m0@11x2TDLM~v!#2, ~11!

which means the speed of the wave is

v~v!5
1

@e~v!m~v!#1/2
5

c

u11x2TDLM~v!u
~12!

so that at frequencies well above the resonance one has

lim
v→`

v~v!;
c

u11xgu
. ~13!

Therefore, if22,xg,0, this medium should exhibit su
perluminal speeds of propagation. The medium illustrated
Fig. 1 is such a case with speed 2c for frequencies well
abovef 0.

We note that the 2TDLM model characteristics can
realized with various artificial molecule arrangements
small dipole and loop antennas loaded with particular L
combinations. Experimental efforts@21,23,25# have shown
that it can also be realized with particular combinations
electric and magnetic structures. We note that the 2TD
model characteristics can also be obtained as a combina
of lower-order models@14,16,17#. For instance, a combine
Debye and time derivative Debye material will produce
2TDLM material. The more exotic time derivative Deby
electric material could be realized with lossy, small cond
tive spheres embedded in a host substrate~see, for instance
@20#, p. 484!; the corresponding magnetic material could
realized with small, thin conducting shells~see, for instance
@20#, p. 481!. This combined lower-order model approa
may be useful for realizations of the metamaterials; it is
approach that leads to the gain doublet used effectively
@40,44#. Note, however, that the form of the 2TDLM susce
tibilities is opposite to those associated with the inver
medium superluminal investigations. For instance, from@38#
the superluminal effects deal with the frequency respons
the inverted medium near dc rather than near infinity, a
the case here.

FIG. 1. Real and imaginary parts of the 2TDLM susceptibil
with xa51.0, xb51.031025, xg520.5, G51.031021v0, and
vp5v052p f 0 for f 051.03109 Hz.
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III. SIMULATOR

To test these concepts, we used a standard 1D FD
simulator that solves the electric, polarization, magnetic, a
magnetization~EPHM! fields form of Maxwell’s equations:

e0] tEW 51¹3HW 2] tPW ,
~14!

m0] tHW 52¹3EW 2m0] tMW

using a staggered spatial grid, leap-frog-in-time algorith
@45,46#. This approach has been used successfully for sev
metamaterial investigations including those associated w
the artificial molecules@14,19# and photonic band-gap struc
tures@47#.

For discussion purposes, we consider only the com
nentsEx ,Px ,Hy ,M y and propagation along thez direction.
We then solve the following system numerically:

e0] tEx52]zHy2] tPx ,
~15!

m0] tHy52]zEx2m0] tM y ,

where Px and M y satisfy the 2TDLM ordinary differential
equations~1! and ~2!.

Using finite difference approximations to the derivative
we obtain the electric and polarization field update eq
tions:

e0Ex
n11~ i !1Px

n11~ i !

5e0Ex
n~ i !1Px

n~ i !2
Dt

Dz
@Hy

n11/2~ i 11/2!

2Hy
n11/2~ i 21/2!#, ~16!

2Fe0vp
2Dt2

2
xa1

e0vpDt

2
xb1e0xgGEx

n11~ i !

1F11
GDt

2
1

v0
2Dt2

2 GPx
n11~ i !

522e0xgEx
n~ i !12Px

n~ i !

1Fe0vp
2Dt2

2
xa2

e0vpDt

2
xb1e0xgGEx

n21~ i !

2F12
GDt

2
2

v0
2Dt2

2 GPx
n21~ i !. ~17!

This can be written in matrix form, which is solved to giv
the semi-implicit update equations for the electric and po
ization fields:
4-3
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Ex
n11~ i !5

A22B112A12B21

detA
Ex

n~ i !1
A22B122A12B22

detA
Px

n~ i !

1
A22C12A12C2

detA
,

Px
n11~ i !5

A11B212A21B11

detA
Ex

n~ i !1
A11B222A21B12

detA
Px

n~ i !

1
2A21C11A11C2

detA
, ~18!

where the vector and matrix elements

A115e0 ,

A1251,

A2152e0Fvp
2Dt2

2
xa1

vpDt

2
xb1xgG ,

A22511
GDt

2
1

v0
2Dt2

2
,

B115e0 ,

B1251,

B21522e0xg ,

B2252,

C152
Dt

Dz
@Hy

n11/2~ i 11/2!2Hy
n11/2~ i 21/2!#,
ue
k

e

04660
C25e0Fvp
2Dt2

2
xa2

vpDt

2
xb1xgGEx

n21~ i !

2F12
GDt

2
2

v0
2Dt2

2 GPx
n21~ i !.

Because of the duality of their differential equations, the c
responding discretized magnetic and magnetization fi
equations follow immediately.

The Dz and Dt are related through the Couran
Friedrichs-Levy ~CFL! condition @45#: Dt5gDz/vmax,
whereg<1 andvmax is the maximum wave speed in the gri
Because we usedxg520.5 to achieve a speed of 2c for all
of the superluminal studies, the time stepDt was set to be
Dt50.48Dz/c, just slightly under the CFL condition require
ments.

The FDTD grid was terminated at both ends with on
way wave operator absorbing boundary conditions~ABCs!
@45# appropriate for the CFL number used in the simulatio
This ABC is exact wheng51.

The reason for using this second-order discretizat
scheme for the polarization and magnetization equation
that it has been widely used in dealing with dispersive me
~see, for instance,@45#, pp. 246–251!. While other ap-
proaches are viable, this one is straightforward and simpl
implement. One must, however, exercise some caution@48#
in exploring numerically all of the available parameter spa
since there are many wave speeds present in this system
the CFL condition must be set appropriately to achieve
stable 2TDLM FDTD algorithm.

The initial field is launched from a total-field/scattere
field plane within the mesh@45#. Two types of unit amplitude
pulses were used. One was a single-cycle, broad bandw
pulse
f ~ t !5H A7.0~7.0/6.0!3S t2Tp/2

Tp/2 D F12S t2Tp/2

Tp/2 D 2G3

for 0<t<Tp

0 for t.Tp,
~19!
t
t
ff

a
ab.
for
000
whereTp is the length of time the pulse has a nonzero val
This single-cycle pulse has a broad bandwidth; the pea
its frequency spectrum occurs atf 0051/Tp . The other is the
multiple cyclem-n-m pulse:

f ~ t !55
gon~ t !sin~v00t ! for 0<t,mTp

sin~vt ! for mTp<t<~m1n!Tp

goff~ t !sin~v00t ! for ~m1n!Tp,t<~m1n1m!Tp

0 for t.~m1n1m!Tp,

~20!

whereTp52p/v0051/f 00 is the period of one cycle and th
three-derivative smooth window functions
.
of

gon~ t !510.0xon
3 215.0xon

4 16.0xon
5 ,

~21!
goff~ t !51.02@10.0xoff

3 215.0xoff
4 16.0xoff

5 #,

where xon51.02(mTp2t)/mTp and xoff5@ t2(m
1n)Tp#/mTp . The m-n-m pulse is a sinusoidal signal tha
has a smooth windowed turn-on form cycles, a constan
amplitude forn cycles, and then a smooth windowed turn-o
for m cycles; hence, it has an adjustable bandwidth~through
the total number of cyclesm1n1m) centered at the fre-
quency f 00. For all of the cases considered below,
20-cycle, 2-16-2 pulse was used to probe the 2TDLM sl

Unless otherwise noted, the 1D FDTD problem space
the simulation results discussed below was taken to be 8
4-4
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cells long, whereDz51.031023m5ls/300, where the fixed
frequencyf s5c/ls51.0 GHz. The corresponding time ste
was Dt50.48Dz/c51.6310212s51.6 ps. The total field/
scattered field plane was set atz5 iDz, wherei 51000; the
front face of the 2TDLM slab was set atz5 iDz, where i
53000; and the back face of the 2TDLM slab was set az
5 iDz, where i 55000. Thus, the 2TDLM slab was 200
cells or 2.0 m thick.

IV. SIMULATION RESULTS

Several issues were investigated both analytically and
merically. These included the speed of propagation of sign
in, the energy density in, and the forces induced on
matched 2TDLM slab. Each are considered separately
low.

A. Faster than light propagation

To investigate the propagation of pulses in a medium w
e,e0 and m,m0, a free-space matched 2TDLM slab wi
the parametersxa51.0, xb51.031025, xg520.5, G
51.031025v0, andvp5v052p f 0 for f 050.01 GHz was
considered. Note that this 2TDLM medium has a much n
rower resonance than the one shown in Fig. 1, and that r
nance is located atf 050.01 GHz. This choice allows a
simple consideration of the maintenance of the shape of
pulse as it propagates in the 2TDLM slab without having
worry about the impact of the absorption near resonance
fact, because most of its frequencies are well above the r
nance frequency, a single-cycle pulse having a peak
quency f 0051.0 GHz should travel without distortion at
speed 2c in this slab.

To compare the superluminal results with the correspo
ing standard subluminal ones, we also considered the f
space matched 2TDLM slab with the parametersxa51.0,
xb51.031025, xg510.5, G51.031025v0, and vp5v0
52p f 0 for v050.01 GHz. In this 2TDLM slab, the fre
quencies well above the resonance travel at speedc/2.

The FDTD results for the propagation of a single-cyc
pulse with its center frequency at 1.0 GHz in both 2TDL
slabs are shown in Fig. 2. The time histories of the elec
field at a point ten cells beyond the 2TDLM slab’s ba
interface~at z5 iDz with i 55010) are given. Also given fo
comparison purposes is the FDTD result at the same p
for the same pulse propagating in free space. The peak
the pulses are found to occur in time precisely at the val
corresponding to the speeds in their respective media,
analytically the neighboring peaks should be separated
1000/0.48Dt52083.33Dt; they are separated by 2084Dt nu-
merically.

The results for the superluminal 2TDLM slab do not vi
late causality~Einstein relativity!. Simply, many electromag
netic waves travel faster thanc in this medium. Moreover,
the effect cannot occur until an initial pulse ‘‘activates’’ th
2TDLM medium. The waves are then exchanged betw
cells in the 2TDLM slab at their respective wave spee
This dispersive effect is shown in Fig. 3. The electric fie
Ex(z,t) that propagate with the 2TDLM slab being prese
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~solid curves! and without it~dashed curves! are given over
the entire FDTD simulation space at three time valuet
54.8 ns53000Dt ~curves to the left of cell number 3000!,
t59.6 ns56000Dt ~curves between cell number 3000 an
5000!, andt516.0 ns510 000Dt ~curves to the right of cell
number 5000!. The total field/scattered field, the front plan
of the 2TDLM slab, and the rear plane of the 2TDLM sla
are also shown. With these times, Fig. 3 shows the 2TDL
case pulse before it interacts with the 2TDLM slab, while
is interacting with the 2TDLM slab, and after it interac
with the 2TDLM slab. One can see that before the 2TDL
slab, the free-space and 2TDLM-case pulses coinc

FIG. 2. Comparison of the propagation of a single-cycle pulse
a superluminal 2TDLM slab~solid line!, a subluminal 2TDLM slab
~dashed line!, and in free space~dot-dashed line!. These signals
were measured at a point located 10 cells beyond the back-plan
the 2TDLM slab. The superluminal case illustrates that the med
parameters can be designed to insure that the pulse shape is
served.

FIG. 3. The electric-field amplitude in the FDTD simulatio
space at the timest54.8 ns53000Dt ~curves to the left of cell
number 3000!, t59.6 ns56000Dt ~curves between cell numbe
3000 and 5000!, and t516.0 ns510 000Dt ~curves to the right of
cell number 5000!. The solid lines represent the 2TDLM cases; t
dashed lines represent the free-space cases.
4-5
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RICHARD W. ZIOLKOWSKI PHYSICAL REVIEW E63 046604
Within the 2TDLM slab, one can see that the 2TDLM-ca
pulse has doubled its size in contrast to the free-space
due to the differing speeds of propagation of the freque
components that make up the pulse. Beyond the 2TD
slab, one can see that the 2TDLM-case pulse, which
exited the superluminal medium, has reformed itself into
same shape as it had before entering the slab. The pea
the free-space case pulse and the 2TDLM-case pulse
separated by 1000 cells as expected from the speed 2c inside
the 2TDLM slab of the majority of the frequency comp
nents within the pulse. Note that there is a wave numeric
reflected from the ‘‘matched’’ 2TDLM slab. It has a max
mum amplitude that is 3.531023 smaller than that of the
incident pulse.

It is noted that essentially the same results are obta
for any 2TDLM slab that hasxg520.5, has the same value
for the productsxavp

2 and xbvp , and has a narrow reso
nance, and for signals whose major frequency compon
are well above the resonance value. On the other hand, i
signal’s frequency content is moved into the resonance
gion of the slab or vice versa, severe pulse distortion occ
Few frequency components nearf 0 propagate through the
slab since most of their energy is absorbed in it. Howev
even in such cases, one can still observe the superlum
behavior for some of the highest frequency components
the pulse.

Finally, it must be recalled that since the artificial mo
ecules are assumed electrically small in comparison t
wavelength to derive the metamaterial 2TDLM response,
2TDLM model will break down in practice at very high fre
quencies. In fact, it is expected that asv→`, e→e0 , m
→m0 for any realistic physical implementation of a 2TDLM
metamaterial. Nonetheless, it is also expected that one
still realize a large band of frequencies over which this
perluminal effect could be achieved.

To demonstrate that the speed at which information
be transmitted can be enhanced by the 2TDLM slab, sig
consisting of a combination of single-cycle pulses we
propagated through it. The basic information test signal c
sisted of two single-cycle pulses~19! with f 0051.0 GHz that
were separated in time by 2Tp ; i.e., two signal widths. This
pulse could represent, for example, an on-off-off-on-off
quence of bits. The electric-field time histories measured
z55010Dz for this information test signal propagating
free space and propagating through the 2TDLM slab
shown in Fig. 4. Clearly the pulse shapes and distance
tween the pulses are maintained. The time of arrival of
pulses is enhanced by the presence of the superlum
2TDLM slab; it provided the means for the transmission
information at speeds greater than those in free space.

A design of an experiment to confirm these match
2TDLM slab results is currently in progress. Particular co
cerns include how well one can achieve the matched ele
and magnetic properties in the same metamaterial. W
considering scattering or simple propagation effects, one
sires a matched material simply because the amplitude
the transmitted signals will not be impacted by the inter
tions with the faces of the slab. Larger transmitted field v
ues will generally be easier to detect. However, when c
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sidering information exchange via short pulses, a matc
material is critical if one wants to minimize the impact
dispersion on the results. As noted previously, if the elec
and magnetic properties of the 2TDLM metamaterial a
identical at each frequency, the wave impedance at each
quency is the same. Consequently, the signals transm
through such a matched 2TDLM metamaterial will expe
ence no distortion. This effect is demonstrated in Fig. 4.
on the other hand, the 2TDLM metamaterial is not match
and the electric and magnetic properties have significa
different dispersion characteristics, the shapes of the tra
mitted pulses will become severely distorted. This distort
could adversely affect the information exchange.

To test this behavior, the propagation of an informati
signal through a 2TDLM metamaterial derived as a variat
of the one used in@25# was considered. The relative permi
tivity of the metallic rod portion of the 2TDLM metamateria
medium was set equal to

e r~v!511xexp
e ~v!512

vp
2

v22 j Gev
, ~22!

whereGe50.1vp with the plasma frequencyf p5vp /(2p)
53.6183109 Hz. The relative permittivity of the split ring
resonator portion of the 2TDLM metamaterial medium w
set equal to

m r~v!511xexp
m ~v!512

Fv2

v22 j Gmv2v0
2

, ~23!

whereF510.5, Gm51.031025v0 with the resonance fre
quency f 05v0 /(2p)51.03109 Hz. This choice gives a
matching pointe r(vm)215m r(vm)21 at f m5vm /(2p)

FIG. 4. Information can be transmitted at rates faster than in
space with the aid of the 2TDLM slab. The electric-field time h
tory received at 10 cells beyond the back-plane of the 2TDLM s
is compared to its free-space propagating counterpart.
4-6
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SUPERLUMINAL TRANSMISSION OF INFORMATION . . . PHYSICAL REVIEW E63 046604
55.03109 Hz that is above the lossy resonance region of
split ring resonator permeability and above cutoff for t
metallic rod permittivity.

An information signal consisting of two single-cyc
pulses ~19!, each with f 0051/Tp55.03109 Hz and sepa-
rated in time by 20Tp , was propagated numerically throug
this ring-rod 2TDLM metamaterial. Because of the high
frequencies involved, the FDTD cell size was modified
Dz52.031024. This maintained the disretization atl00/300.
The time stepDt50.48Dz/c53.2310213 s50.32 ps. The
FDTD problem space size and the total number of time st
in the simulations were increased accordingly. The slab
taken to be 5000 FDTD cells thick. The electric field w
measured again at the point located 10 FDTD cells bey
the back-plane of the 2TDLM slab. The FDTD results for t
signal propagating through the ring-rod 2TDLM slab a
through free space are compared in Fig. 5. Clearly there
severe distortions caused by dispersion as the signal pr
gates through the slab. These results also make it eviden
the larger separation between the two single cycle pulses
chosen to achieve a distinction between the dispersed pu
and that the slab was thinner~only 1.0 m thick! in order to
minimize the amount of the dispersion on the signal.

Nonetheless, despite the distortions and the thinner
dium, it is clear that the signal transmitted through the rin
rod 2TDLM slab does exhibit information exchange wi
enhanced speeds. If an intensity threshold detector mea
ment is used on these signals, it~barely! confirms this result.
On the other hand, if the energy of each cycle is used
trigger the information exchange, the result is even m
positive. The signal energy received at the observation po
as a function of time and normalized to the total ene
received there, was also calculated. The FDTD results
shown in Fig. 6. More than 70% of the energy associa
with each single-cycle pulse after it has propagated thro
the ring-rod 2TDLM slab is received at the detector befor
would be if it propagated only in free space.

FIG. 5. Information can still be transmitted at rates faster than
free space with the aid of an unmatched ring-rod 2TDLM metam
terial slab. The electric-field time history received at 10 cells
yond the back-plane of the ring-rod 2TDLM slab is compared to
free-space propagating counterpart.
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It is anticipated that in an actual experiment with its a
sociated imperfections, a ring-rod 2TDLM slab may on
marginally demonstrate the predicted enhanced informa
exchange. To achieve a more conclusive outcome, the
rent design process is exploring alternate metamaterial c
structs to achieve experimental data more like the ideal si
lation results shown in Fig. 4.

B. Electromagnetic energy

The question of determining the electromagnetic ene
in a lossy dispersive medium was expected to be straight
ward. However, upon review of the literature, it is not a
easily answered question. To begin, the energy in a unifo
dispersionless medium is well known to be

U~ t !5Ue~ t !1Um~ t !

5E
V
F1

2
euEW ~rW,t !u21

1

2
muHW ~rW,t !u2GdV. ~24!

The average total electromagnetic energy density would t
be

^U~ t !&5^Ue~ t !&1^Um~ t !&. ~25!

It is immediately apparent that this form of the electroma
netic field energy would cause apparent problems ife andm
were to take on negative values, as they could in disper
media, since the energy would then be negative.

It is found that Eq.~24! must be changed in a lossles
dispersive medium@49–52#. The resulting time harmonic
forms are

^Ue&v5
1

4EV
$@]v„ve~v!…#%uẼW ~rW,v!u2dV, ~26!

n
-
-
s

FIG. 6. The normalized energy received in time at a point
cells beyond the back-plane of the ring-rod 2TDLM slab is co
pared to its free-space propagating counterpart. More than 70%
the information energy is received at a rate faster than in free sp
with the aid of the ring-rod 2TDLM slab.
4-7
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^Um&v5
1

4EV
$@]v„vm~v!…#%uH̃W ~rW,v!u2dV. ~27!

This handles the negative permittivity or permeability iss
for normal test cases. For instance, for a lossless c
plasma, the permeability is a constantm(v)5m0 and the
permittivity

e~v!5e0S 12
vp

2

v2D , ~28!

where vp is the plasma frequency. It is well known th
e(v) will be negative forv,vp . The average electric- an
magnetic-field energies are obtained with Eqs.~26! and~27!
as

^Ue&v5
e0

4 EV
S 11

vp
2

v2D uẼW ~rW,v!u2dV,

~29!

^Um&v5
m0

4 E
V
uH̃W ~rW,v!u2dV,

which are both positive-definite quantities despitee(v) tak-
ing on the negative values forv,vp .

Regrettably, there are very few expressions available
lossy dispersive media such as the 2TDLM slab. The ap
ent problem with a choice of the energy density for los
dispersive media becomes immediately apparent if one s
ply extends the above result as, for example,

^Ue&v5
1

4
ReE

V
$@]v„ve~v!…#%uẼW ~rW,v!u2dV. ~30!

For a time harmonic plane wave at the resonance freque
f 005 f 0, that is interacting with a very thin~length
5L! 2TDLM slab, one obtains immediately the time
averaged electric-field energy

^Ue&v0
5

1

4
e0ReF]ve~v!

]v G
v5v0

uẼW ~rWslab,v0!u2L

5
1

4
e0F11

vpxb

G
22S vp

2xa2v0
2xg

G2 D G
3uẼW ~rWslab,v0!u2L. ~31!

For vp[v0, this yields

^Ue&v0
5

1

4
e0F11

v0xb

G
22

v0
2

G2
~xa2xg!uẼW ~rWslab,v0!u2L

5
1

4
e0F122

v0
2

G2 S xa2xg2
1

2

G

v0
xbD

3uẼW ~rWslab,v0!u2L. ~32!
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One finds that the energy density is easily made to
negative. In fact, consider a Lorentz medium that is rec
ered by settingxb5xg50.0. One obtains

^Ue&v0

Lorentz5
1

4
e0@122~v0

2/G2!xa#uẼW ~rWslab,v0!u2L. ~33!

This will be negative for any finite-width Lorentzian reso
nance line havingxa.(G/v0)2/2. Similarly, in the special
2TDLM case for whichxa5xb50.0, then

^Ue&v0

2TDLM5
1

4
e0@112~v0

2/G2!xg#uẼW ~rWslab,v0!u2L. ~34!

Therefore, the average energy density will be positive ifxg
.0 and will be negative ifxg,2(G/v0)2/2. For a narrow
resonance, i.e., forG!v0, this will occur essentially if sim-
ply xg,0. For the more complicated narrow-resonan
2TDLM case that we have been considering, which hasxa
51.0, xb51025, xg520.5, andG51025v0 with vp5v0,
then the energy density could be quite large and negativ

the resonant frequency:^Ue&v0
;210110e0uẼW u2L/4.

In view of these negative energy considerations, a m
exact calculation was found for a lossy, temporally disp
sive, spatially nondispersive medium@60#. In particular, if
one defines the dispersion function as

D~k,v!5ve~v!2
k2

v
m~v!, ~35!

then forv real andk complex, the real and imaginary par
of k being obtained from the dispersion relationD(k,v)
50, the averaged stored electromagnetic field energy
comes@@60#, Eq. ~22!#

^U&v5
1

4
ReF]D

]v
2 jkIm

]2D

]v]k

12 j GS j
]D

]G D 1/2 ]

]v S j
]D

]G D 1/2G uẼW ~rWslab,v!u2L,

~36!

whereG again characterizes the width of the resonance. T
formula was evaluated usingMATHEMATICA TM for the super-
luminal 2TDLM slab case. The normalized average ene

results 4̂U&v /@ uẼW (rWslab,v)u2L#, obtained with Eq.~26! are
compared with those obtained with Eq.~36! in Fig. 7. One
finds that Eq.~36! also predicts negative energies in a stro
resonance region. There are clear differences between t
two results caused by taking into account the width of
resonance, but the large negative value at the resonance
quency, where the absorption and the derivative of the p
mittivity are maximum, is not avoided even with this mo
detailed calculation.

Consequently, we are left at the moment without a defi
tive answer to our original question as to the correct value
the electromagnetic energy in the superluminal 2TDLM sl
Is having a negative electromagnetic energy result unph
4-8
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SUPERLUMINAL TRANSMISSION OF INFORMATION . . . PHYSICAL REVIEW E63 046604
cal, especially in a resonance situation? It is noted that s
lar issues of negative energy and superluminal speeds
surfaced in some previous discussions regarding the Cas
effect @53–59#. Whether negative energy is semantics o
meaningful quantity has not been fully put to the test sin
the values associated with the Casimir effect are quite sm
However, they could be investigated with one of t
metamaterial constructs proposed here.

Since any quantity of interest could in principle be calc
lated with the FDTD simulator, several energy quantit
were considered. We note that only the electromagnetic fi
energy issues will be discussed; thermodynamic argume
which would require more information such as the mecha
cal stresses and the heat dissipation, are not included.

From Poynting’s theorem, we know that the electroma
netic power flow through a surfaceS5]V, which bounds the
volume V and has the outward-pointing normal vector fie
nW S , in the EPHM formulation is given by the expression

2 R
S
dSnW S•SW ~rW,t !

5] tH 1

2EV
dV@e0uEW ~rW,t !u21m0uHW ~rW,t !u2#dVJ

1E
V
@EW ~rW,t !•] tPW ~rW,t !1m0MW ~rW,t !•] tHW ~rW,t !#dV

5Pfields1Pdipoles, ~37!

where Poynting’s vectorSW (rW,t)5EW (rW,t)3HW (rW,t). Thus,
propagating a wave through the 2TDLM slab, one finds t
the total average energy lost to the slab over a timeT would
be given by the expression

^Ptotal&T5E
0

T

dt@Pfields1Pdipoles#. ~38!

FIG. 7. The normalized average energy in the superlum
2TDLM slab calculated with the dispersive medium expression,
~26!, and the lossy medium one, Eq.~36!.
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In all of the 2TDLM cases considered numerically, this a
erage energy/power quantity was positive. Thus, the ene
transferred from the field to the slab was always positive

On the other hand, returning to the standard electrom
netic field energy expressions, we set

Ufields~ t !5
1

2EV
dV@e0uEW ~rW,t !u21m0uHW ~rW,t !u2#dV, ~39!

Udipoles~ t !5
1

2EV
dV@PW ~rW,t !•EW ~rW,t !1m0MW ~rW,t !•HW ~rW,t !#,

~40!

U total~ t !5Ufield~ t !1Udipoles~ t !. ~41!

These quantities were taken to represent the energy of
fields, the dipoles, and their total in the 2TDLM slab. For t
numerical cases considered, they took the form

Ufields~ t !5
1

2Eslab
dz@e0uEx~z,t !u21m0uHy~z,t !u2#, ~42!

Udipoles~ t !5
1

2Eslab
dz@Px~z,t !Ex~z,t !1m0M y~z,t !Hy~z,t !#,

~43!

and were discretized appropriately. The average ener
over a timeT5NDt were simply taken to be

^Ufields&5
1

TE0

T

dtUfields~ t !, ~44!

^Udipoles&5
1

TE0

T

dtUdipoles~ t !, ~45!

^U total&5^Ufields&1^Udipoles&. ~46!

Clearly in all cases the average field energy should
positive; it was found to be positive in all of the numeric
cases considered. On the other hand, the average dipol
ergies could become negative above the resonance. In
ticular, consider, for example, the time harmonic value of
average energy density stored in the electric dipoles in
2TDLM case. One has

l
.
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1

2
Re@ P̃x~v!Ẽx* ~v!#5

1

2
e0uẼx~v!u2Re@x2TDLM~v!#5

1

2
e0uẼx~v!u2

~vp
2xa2v2xg!~v0

22v2!1v2vpGxb

~v0
22v2!21v2G2

. ~47!
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Settingv;v01d with d!1 andvp5v0 gives

1

2
Re@ P̃x~v!Ẽx* ~v!#;

1

2
e0v0uẼx~v1d!u2

3
22d~xa2xg!1Gxb

4d21G2
. ~48!

With G!v0 andxb!1, the average dipole energy in a th
slab would be

^Udipole&v1d;2
dv0~xa2xg!

G2
e0uẼx~v1d!u2L ~49!

and, if xa.xg , it is negative~positive! slightly above~be-
low! the resonance whered.0 ~d,0!. On the other hand, fo
v→`,

^Udipole&`5xgF1

2
e0uẼx~`!u2LG . ~50!

This is clearly positive or negative depending on the sign
xg . Numerically, it was found that the average dipole ene
was indeed negative in the regions where Re(x2TDLM),0.

The remaining issue, which was addressed numerica
was the average total electromagnetic energy^U total& in the
2TDLM slab. As summarized in Table I, it was found to b
negative for frequencies above and near the resonance
quency where Re(x2TDLM),21.

It is noted that in the case of the inverted media@42# or
for the Casimir effect@59# studies, the change in the energ
affected by the presence of the medium/structure was m
sured by calculating2^Udipole& ~see also@61#!. In both of
those cases, this change of energy was positive, i.e., the
tential energy was positive rather than negative. Thus
with the metamaterial superluminal 2TDLM slab case, h
ing a large enough negative susceptibility led to energies
forces opposite to those found in ‘‘normal’’ media.

To examine further the energy behavior over time,
electric-field distribution in the FDTD simulation space f
the superluminal 2TDLM slab with the resonance frequen

TABLE I. Summary of FDTD simulator results for the energ
in and force on the superluminal 2TDLM slab interacting with
2-16-2 incident pulsed plane wave.

f 00 Dipole energy Total energy e/e0 ,m/m0 Force

0.53109 .0 .0 .1 .0
1.03109 ,0 .0 .1 .0
1.53109 ,0 ,0 ,0 .0
10.03109 ,0 .0 .0,,1 ,0
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f 051.0 GHz is given in Fig. 8, for an incident 2-16-2 puls
with frequency f 0051.5 GHz, at the timest520 ns @Fig.
8~a!; 12 500 time steps#, t532 ns @Fig. 8~b!; 20 000 time
steps#, andt544 ns@Fig. 8~c!; 27 500 time steps#. For all of
these times, the incident field is interacting with the 2TDL
slab. The small-amplitude waves to the left of the 2TDL
slab early in time (t520 ns) represent the numerically re
flected field that has the frequencyf 51.5 GHz and later (t
532 ns andt544 ns) represent the reradiated field that h
frequencies centered aboutf 51.0 GHz. The fields to the
right of the 2TDLM slab represent early in time the tran
mitted field and then later in time the energy being reradia
as the dipoles ring down. A Fourier transform of the fie
transmitted earlier in time shows, as expected, a very str
absorption of the frequencies surrounding the resonance,
later in time shows the dipoles ringing down.

Note that for the given parameters, almost all of the a
sorbed energy is radiated to the right of the 2TDLM sla
This was confirmed by calculating the percent of the to
incident energy~time-integrated Poynting vector,*0

TdtSz)
collected one cell in front of the 2TDLM slab and the tran
mitted energy collected one cell behind it. This result for
incident 2-16-2 pulse again having the frequencyf 00

51.5 GHz that is transmitted through the superlumin
2TDLM slab with f 051.0 GHz is shown in Fig. 9. Note tha
the delay in the appearance of the reradiated energy oc
because the speed of the pulse~12! in the 2TDLM slab is
much slower thanc at this frequency. This slow wave spee
behavior is further apparent in Fig. 8.

C. Electromagnetic force

Another issue investigated with the FDTD simulator w
the calculation of the average force on the 2TDLM sl
when a pulsed plane wave is interacting with it. The use
the forces exerted by electromagnetic waves to move sm
dielectric bodies~atoms, small spheres! has been studied fo
many years and has led to a number of practical applicat
~see, for instance,@62–66# and the references therein!. The
expression for the electromagnetic force density on a gen
stationary EPHM medium was found to have the fo
@67,68#

fW5~PW •¹W !EW 1~m0MW •¹W !HW 1] tPW

3~m0HW !2] t~m0MW !3~e0EW !. ~51!

Since we are dealing with 1D plane-wave scattering fr
a matched 2TDLM slab of thicknessL5l Dz, the instanta-
neous total force becomes
4-10



he

the
es

-
ons

gn
e
th
was
n a

gain

mi-

r,
re
be

in
to

se,
ive

n

s a

SUPERLUMINAL TRANSMISSION OF INFORMATION . . . PHYSICAL REVIEW E63 046604
Fz~ t !5E
0

L

dz$@] tPx~z,t !#m0Hy~z,t !1e0Ex~z,t !

3@] tm0M y~z,t !#%. ~52!

This force expression was implemented directly with t
FDTD simulator in the discretized form

FIG. 8. The electric-field distribution in the FDTD simulatio
space for the superluminal 2TDLM slab withf 051.0 GHz at~a! t
520 ns,~b! t532 ns, and~c! t544 ns.
04660
Fz
n5 (

i 51

i 5l
Dz

2Dt
$m0@Px

n11~ i !2Px
n~ i !#@Hy

n11/2~ i 11/2!

1Hy
n11/2~ i 21/2!#1e0m0@M y

n11/2~ i 11/2!

2M y
n21/2~ i 11/2!#@Ex

n~ i 11!1Ex
n~ i !#%. ~53!

For a pulseNpDt long, the average force over the timeT
5NDt was calculated simply as

^Fz&5
1

N (
n51

n5N

Fz
n . ~54!

The average electromagnetic force was calculated for
interaction of single- and multiple-cycle plane wave puls
with the superluminal 2TDLM slab whose parametersxa
51.0, xb51.031025, xg520.5, G51.031025v0, and
vp5v052p f 0 for f 051.0 GHz. The force and the corre
sponding energy results for the 2-16-2 pulse interacti
with this 2TDLM slab are listed in Table I.

For the multiple-cycle pulse, it was found that the si
of the average forcêFz& corresponded most closely to th
relative permittivity and permeability values. When bo
were positive and greater than 1, the average force
found to be repulsive. This was expected since the force o
dielectric particle is away from the source@65#. On the other
hand, when both were negative, the average force was a
repulsive. This is opposite to the prediction given in@24#. In
this very absorptive region, the gradient force should do
nate the scattering force so that the force should beFz
;2]zU total, which is repulsive as was found. Howeve
when both the relative permittivity and permeability we
positive but less than 1, the average force was found to
attractive. For thef 0051.5 GHz case, the average force
the z direction over the 20-cycle 2-16-2 pulse was found
be ;13.0 pN; for the f 00510.0 GHz case, it was;21.5
pN. Thus by changing the frequency of the incident pul
the force on the 2TDLM slab could be made to be repuls
or attractive.

FIG. 9. The time-integrated power~energy! transmitted into and
the power transmitted through the superluminal 2TDLM slab a
function of the number of FDTD time steps.
4-11
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RICHARD W. ZIOLKOWSKI PHYSICAL REVIEW E63 046604
It is noted that these force results are analogous to,
opposite, the parelectric results given in@42,43#. As noted
previously, the polarizability relationships between the
verted medium and dc permittivities considered there are
posite to the passive, high-frequency permittivity~and per-
meability! issues considered here.

Similar responses were obtained for the single-cy
pulses whose center frequencies coincided with the indic
narrowband ones. The only difference was in the sign of
total energy for thef 0051.5 GHz case, where it was positiv
rather than negative. There were more frequencies with t
energy values above zero than there were below zero. M
over, the size of the energies and the average force w
slightly smaller than the corresponding multiple-cycle pu
values in all trials, but their values were more uniform ov
the duration of the single-cycle pulse.

The corresponding subluminal 2TDLM slab withxg
510.5 yielded a repulsive force for all of the indicated fr
quency values. Thus, because the practical artificial mole
realization of a 2TDLM slab could provide a means
changing the coefficientxg in real time, one could effec
tively change the direction a force would act on a 2TDL
slab in two ways:~i! by varying the frequency of the inpu
wave or~ii ! by working above resonance and changing
value ofxg . One could then use a 2TDLM coating of som
object in a zero-G environment~where even small forces ar
not insignificant! and move that object with a microwav
beam either tuned to the appropriate frequencies or by re
figuring the material characteristics appropriately.

V. CONCLUSIONS

An FDTD simulator was used to model the propagation
pulses through a 2TDLM medium. A free-space match
2TDLM slab was designed to give distortion-free, super
pl
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minal speeds of propagation over a large band of frequ
cies. Single- and multiple-cycle pulses were used to test
signal propagation characteristics through the slab. The c
sequent electromagnetic energy in the 2TDLM slab and
electromagnetic force induced on it were calculated.

It was demonstrated that the speed at which informat
can be transmitted can be significantly enhanced with
introduction of the superluminal 2TDLM medium. It wa
also demonstrated that the electromagnetic energy in the
perluminal 2TDLM medium is negative for a large band
frequencies above the resonant frequency. It was fur
demonstrated that the electromagnetic force induced on
2TDLM slab can be made to be either attractive or repulsi
This force property depended on the material parameter
the frequency of the incident electromagnetic plane wave

As was demonstrated, some of the superluminal prop
ties modeled here could be tested with a variation of
double negative ring-rod metamaterial reported in@25#.
However, because of the mismatch between the disper
properties of the electric and magnetic components of su
2TDLM metamaterial, information pulses propagated in
experience large distortions. Hence, improvements in the
sign of an experimentally viable 2TDLM metamaterial ne
to be made. In particular, construction of a matched 2TDL
metamaterial with the properties proposed here would l
one to a more definitive experiment. A variety of artifici
molecule and alternative embedded structure metamate
are currently being considered with the hope of fielding su
a proof-of-principle experiment in the near future.
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