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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.
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[. INTRODUCTION lating causality. This 2TDLM medium is passive, and could
be potentially realized physically. Simulations with a finite-
In the past few years, there has been a renewed interest éifference time domaiFDTD) approach confirm the super-
using structures to develop materials that mimic known maluminal properties. The electromagnetic energy in and forces
terial responses or that qualitatively have new response fun@" @ slab of this material are calculated for various values of
tions that do not occur in nature. Artificial dielectrigs] '€ Material’'s characteristic parameters. . .
were explored, for example, in the 1950s and 1960s for light; It must be emphasized that these superluminal effects dif-

weight microwave antenna lenses. Artificial chiral materials,]E%E3 gg]ma::je tshueri)re r:;g;gp:gg:'eonrz a?ifzé?ignvsva;ﬁoi%%atl[ﬁg

€.g.,[2-8], were investigated in the 1980s and 1990s for. ling-shot” effect [35] both acousticallyf36] and electro-
microwave radar absorber applications. Recent examples ﬂf

‘ g b ; near-field effect; they do not violate causality since the
structured material§9—13), artificial electric and magnetic regyting superluminal interference pattern surfs on a back-

molecules[14-19, and artificial electric and magnetic ma- ground of “c” traveling waves which arrive at the detector
terials, which, like many of the chiral materials, can exhibitpefore the “>c¢” traveling interference peak does. On the
positive or negative permittivity or permeability properties other hand, the 2TDLM medium superluminal results are
[20-23. Very recent experiments involving artificial mate- analogous to, but differ from the gain-assisted type of
rials with simultaneous negative permittivity and permeabil-superluminal behavior discussed by Chiao and co-workers
ity [24,25 have captured the public’s attentif?6]. in [38-43 and illustrated more dramatically with recent
The qualitatively new response functions of theseexperiments by Wangt al.[44]. Here the 2TDLM material
“metamaterials” are often generated by artificially fabri- is passive and is directly related to the double negative ma-
cated, extrinsic, low-dimensional inhomogeneities. For in+terial realized in[25]. Moreover, the 2TDLM medium
stance, the artificial molecules are based upon the introdusuperluminal results are not related to a Cherenkov effect.
tion of arrays of electrically small, loaded antennas into aSimply, as shown below, the 2TDLM medium parameters
host substrate. Design rules for obtaining the moleculare selected to cause the natural speed of waves in it to be
metamaterials that exhibit the common Debye and Lorentgreater than ¢” for a very large band of frequencies. The
material model responses and their generalizations have beantual realization of this metamaterial would not violate cau-
given for both electric and magnetic properties. They havesality. Since the artificial molecules depend on the condition
already proven useful for Maxwell equation numerical simu-that they be electrically small, the 2TDLM model becomes
lation technologie$27-32. inappropriate at infinite frequencies. Because the discontinu-
In this paper, one of the metamaterial models, the twdty of turning on the communication signal requires those
time derivative Lorentz materigRTDLM) model, will be infinite frequencies, the leading edge of the signal is travel-
emphasized. This model is a generalization of the standarithg at “c” and causality is preserved. This type of superlu-
Lorentz material model and encompasses the permittivityninal medium could, however, be used for a number of in-
and permeability material responses experimentally obteresting applications including the propagation of signals
tained, for instance, ifi25]. A 2TDLM medium slab that is along interconnects in integrated circu{l€’s) to increase
matched to free space is designed, and its electromagnetigeir speeds.
properties are explained. In particular, it will be shown that The electromagnetic energy in and the forces induced on
this type of 2TDLM medium can be designed so that it al-the 2TDLM medium by an electromagnetic field are charac-
lows communication signals to propagatethe mediumat  terized with the FDTD simulator. Issues of negative energy
speeds exceeding the speed of light in vacuum without vioin a lossy dispersive medium that are associated with the
resonance region are discussed. It is shown that the force
induced on a 2TDLM medium can be attractive or repulsive
*Email address: ziolkowski@ece.arizona.edu depending on the 2TDLM parameters or on the frequency of
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the interacting electromagnetic field. Potential applicationsvhich means the reflection coefficient from it will be zero,

and realizations of this result are discussed briefly. i.e., R=(Zyrpim— Zo)! (Zotoim+ Zo) =0.
The 2TDLM model (5) recovers the standard Lorentz
Il. 2TDLM MODEL PHYSICS model wheny ;= x,=0.0. It also recovers the electric plas-

mon behavior for the permittivity of the “bed of nails” me-
We are interested in the propagation effects through @ium discussed ir[22] when wo=Xp=X,=0.0, and the
medium that is linear and described by the 2TDLM modelmagnetic permeability response for the split ring resonator
introduced in[14-17,27 and used ir{31,32 to describe an  medium reported if23] when x,,= xz=0.0.
absorbing material that could be matched to a lossy dielectric More generally, consider the large frequency behavior of
for use as an absorbing boundary condition in an FDTDihe susceptibilityy oo m(®). One obtains

simulator. Thex-directed polarization ang-directed magne-

tization fields in such a material would have the forms lim x2rpim(@) ~xy - @)
@ d , , , .
P AT P+ 2P Th|s means, for instance, _that the 2TD_LM model’'s permit-
a2 X g T @olx tivity and permeability at high frequencies
9 ’ ezrown(®) ~ €o(1+ x,),
=6 wIZJX25X+ pr%’ E£x+ X?/ng Y 2Tt 0 Xy ®
Hotom(%®) ~ po(1+x,)
2
ﬁ—zMer r iMer ngy depend only on th_e value gf,. On the other ha_nd, one finds
ot ot that the dc behavior of the 2TDLM susceptibility is
] 92 2
— 2. m m__. m___. w
OpX Tyt @pXs f7tHy+XV t?tzHy - @ lim xorpLm( @)~ —Zxa 9
w—0 [OR)

wherewy is the resonance frequency an@l™ is the width of

that resonance. The term&™, Xfim' and y©™ represent, so that the 2TDLM model’s dc permittivity and permeability

respectively, the coupling of the electfimagnetig field and w2

its first _and- second time derivatives to the Iolcal electric exroum(0)~ €0l 1+ _gxa),

(magneti¢ dipole motions. The ternw, can be viewed as wj

the plasma frequency associated with those dipoles and is (10)
introduced to make thg®™ coefficients dimensionless. As- w2

suming an exgt) time variation, this 2TDLM model leads totom(0)~ po| 1+ —Zxa)

to the following frequency-domain electric and magnetic @o

susceptibilities: depend only on the value of, .

2 e, e 2. e In particular, we will be considering cases for whigh
P(w) —wopXat]owpxs— o X, 3 <0 sothat, forinstance, at high frequenci¢s’)/e,<1 and

e ®)= — — : ’
Xood ) €0y () -0’ +jol®+ 0 (%) my<1. Recall that the interest in this choice is driven
by the realization of such parameter conditions in recent
Y 2. m, m__ 2. m double negative metamaterial experimelf@S]. This coeffi-
+ —
X w)= 'l/ly(w) _2pXa 21 w_prn/f wZXV ) (4)  cient choice will define the superluminal 2TDLM media of
Hy(w) — o+ jol™+wy interest here.

Figure 1 illustrates the real and imaginary values of
Moreover, as was highly desired for the electromagnetioy,rp w(w) for a medium with x,=1.0, xz=1.0x10">,
absorber applications, we will force the 2TDLM medium to y_=—0.5, '=1.0x10 'w,, and wp=wo=27f, for f,

be matched to free space. This means we set the electric aaélyl,ox 10° Hz=1.0 GHz. These parameters are selected to
magnetic parameters to be the same to obtafy(w) illustrate with the real part of the susceptibility the ability of
= Xyy(®) = X21oLM( @), Where the 2TDLM model to realize large negative permittivity and

permeability values near the resonance as well as permittiv-

ngaﬂwprB_w?Xy ity and permeability values below their free-space values

XatoLm(@) = (5)  away from it. The large negative value for the imaginary part

2 2
—w°+ + L .
o tjol'twg of the susceptibility at the resonance frequency illustrates

This guarantees that the wave impedance in this matche%j:;yl:i(sa?itlgorrgg;an;gg'um' the 2TDLM medium is very
2TDLM medium equals that of free space, We will consider anx-polarized, one-dimensional plane

U2 wave propagating in thez direction in a semi-infinite
@) =7,, (6 ~Mmatched 2TDLM slab. The dispersion relation in the
€o 2TDLM medium is

ol 1+ xzroim(@)]] M2
Zypm= =

€ol 1+ x2roim( @) ]
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lll. SIMULATOR

To test these concepts, we used a standard 1D FDTD
simulator that solves the electric, polarization, magnetic, and
magnetizationEPHM) fields form of Maxwell's equations:

€odE=+VXH—4,P,
(14

Moatﬁ = — V X E_ /.Loatm

using a staggered spatial grid, leap-frog-in-time algorithm

[45,44. This approach has been used successfully for several
metamaterial investigations including those associated with
the artificial molecule$14,19 and photonic band-gap struc-

FIG. 1. Real and imaginary parts of the 2TDLM susceptibility tures[47].

with x,=1.0, x=1.0x10"°, x,=-0.5, I'=1.0x10 'w,, and
wp=wo= 2ty for fu=1.0x10° Hz.

k?=w?[ e(w)u(w)]= 0 eouo[ 1+ xoroim( )%, (1)
which means the speed of the wave is

1 B c
[E(w),u(w)]llz_ |1+ x2rpLm( @)

v(w)= (12

so that at frequencies well above the resonance one has

limv(w)~ (13

w—

|1+ x|

For discussion purposes, we consider only the compo-
nentsg,,P,,H,,M, and propagation along thedirection.
We then solve the following system numerically:

EO&IEX: - (?ZH y &IPX y
(15

/UvoatHy: —d,Ex— :UvoatMya

where P, and M, satisfy the 2TDLM ordinary differential
equationg1) and(2).

Using finite difference approximations to the derivatives,
we obtain the electric and polarization field update equa-
tions:

Therefore, if—2<x,<0, this medium should exhibit su-
perluminal speeds of propagation. The medium illustrated by
Fig. 1 is such a case with speea 2or frequencies well
abovef.

We note that the 2TDLM model characteristics can be
realized with various artificial molecule arrangements of
small dipole and loop antennas loaded with particular LRC
combinations. Experimental effor{21,23,29 have shown
that it can also be realized with particular combinations of
electric and magnetic structures. We note that the 2TDLM
model characteristics can also be obtained as a combination
of lower-order model$14,16,17. For instance, a combined
Debye and time derivative Debye material will produce a
2TDLM material. The more exotic time derivative Debye
electric material could be realized with lossy, small conduc-
tive spheres embedded in a host subst(s¢e, for instance,
[20], p. 489; the corresponding magnetic material could be
realized with small, thin conducting shellsee, for instance,
[20], p. 48]). This combined lower-order model approach
may be useful for realizations of the metamaterials; it is the
approach that leads to the gain doublet used effectively in
[40,44). Note, however, that the form of the 2TDLM suscep-
tibilities is opposite to those associated with the inverted
medium superluminal investigations. For instance, f{G&]

€oER i)+ PR
— nes n-_ﬂ n+1/2:
= eoER(i)+ PR(i) AZ[Hy (i +1/2)

—Hy M -112)], (16)

60(1)’2)At2 GO(J)pAt
> Xa™t > XpT €oXy

EQ+1(I)

FAt  wjAt?
1+ ——+

+ 2 2

PQ+1(|)

=—2eox,Ex(i)+2P(i)

2412
€qwiAt €owpAt 1,
S Xa— —— —Xp+ €oxy|EX (D)
FAt  wgAt?]
—[ - ———5—|Px (). (17)

the superluminal effects deal with the frequency response ofhis can be written in matrix form, which is solved to give
the inverted medium near dc rather than near infinity, as ishe semi-implicit update equations for the electric and polar-
the case here. ization fields:
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. AZZBll_AlZBZl . A22BlZ_A12BZZ . sztz wpAt —1,.
B ) =——qen Bt —gem — Px() Co=eo| — 5 Xa— —5 Xpt Xy|EX (D)
A2C1— ALy At ngtz he1 .
detn R R
nee A1Ba—AxBy L AiBor—AxBi Because of the duality of their differential equations, the cor-
P =—gen B+ —(gam — Px(D) responding discretized magnetic and magnetization field

. AC1+A11Cy
detA '

where the vector and matrix elements
A11= €,
A12: 1,

2742
prt wpAt

A= —¢€g 2 Xat 2 XgT Xy
TAt  w3At?
A22:1+T+ 2 y
B11= €0,
812:1,
B21:_260)@1
B2o=2,

At
Cy=— S [H) Y& +12)—HY i - 1/2)],

equations follow immediately.
The Az and At are related through the Courant-

(18) Friedrichs-Levy (CFL) condition [45]: At=yAZ/vpax

wherey=<1 andv IS the maximum wave speed in the grid.

Because we useg,= — 0.5 to achieve a speed ot Zor all

of the superluminal studies, the time st&p was set to be

At=0.48Az/c, just slightly under the CFL condition require-

ments.

The FDTD grid was terminated at both ends with one-
way wave operator absorbing boundary conditigABCs)

[45] appropriate for the CFL number used in the simulations.
This ABC is exact wheny=1.

The reason for using this second-order discretization
scheme for the polarization and magnetization equations is
that it has been widely used in dealing with dispersive media
(see, for instance[45], pp. 246—251 While other ap-
proaches are viable, this one is straightforward and simple to
implement. One must, however, exercise some caydah
in exploring numerically all of the available parameter space
since there are many wave speeds present in this system and
the CFL condition must be set appropriately to achieve a
stable 2TDLM FDTD algorithm.

The initial field is launched from a total-field/scattered-
field plane within the mesp5]. Two types of unit amplitude
pulses were used. One was a single-cycle, broad bandwidth
pulse

t—Ty/2 t—Ty/2\%]?
\/7_@70/603(_'_—/’)2)[1—( T /pz ) } for O$t$Tp
f(t)= P P (19
fort>T,,

|
whereT , is the length of time the pulse has a nonzero value. Jon(1)=10.0¢,— 15.0¢ +6.0¢3.
This single-cycle pulse has a broad bandwidth; the peak of (21)
its frequency spectrum occurs fah=1/T,. The other is the oif(1) = 1.0-[10.0¢3;— 15.0¢%+ 6.0¢3],
multiple cyclem-n-m pulse:

where  X,p=1.0-(mT,—t)/mT, and X =[t—(m

Jon(t)sin(wqet)  for O<t<mT,
sin( wt)

formT,<ts(m+n)T,

F(O=1 go(t)sin(wget) for (m+ MTy<ts(m+n+m)T,

0 fort>(m+n+m)T,,

whereT, =27/ wge= 1/f g is the period of one cycle and the

three-derivative smooth window functions

+n)T,]/mT,. The m-n-m pulse is a sinusoidal signal that
has a smooth windowed turn-on fon cycles, a constant
amplitude fom cycles, and then a smooth windowed turn-off
for m cycles; hence, it has an adjustable bandwittinough
the total number of cyclemm+n+m) centered at the fre-

(20) quency foq. For all of the cases considered below, a

20-cycle, 2-16-2 pulse was used to probe the 2TDLM slab.
Unless otherwise noted, the 1D FDTD problem space for
the simulation results discussed below was taken to be 8000
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cells long, wheredz=1.0x 10 3m= 4300, where the fixed 10— FEL L R E——
frequencyfs=c/As=1.0 GHz. The corresponding time step :
was At=0.48\7z/c=1.6xX10 '?s=1.6 ps. The total field/
scattered field plane was setztiAz, wherei =1000; the
front face of the 2TDLM slab was set at=iAz, wherei
=3000; and the back face of the 2TDLM slab was set at
=iAz, wherei=5000. Thus, the 2TDLM slab was 2000
cells or 2.0 m thick.

0.0

Signal amplitude

IV. SIMULATION RESULTS -05 |- ]

Several issues were investigated both analytically and nu- s
merically. These included the speed of propagation of signals |
in, the energy density in, and the forces induced on the T 10000
Irnatched 2TDLM slab. Each are considered separately be- Time step
ow.

H

0
15000

FIG. 2. Comparison of the propagation of a single-cycle pulse in
a superluminal 2TDLM slalgsolid line), a subluminal 2TDLM slab
(dashed ling and in free spacédot-dashed line These signals

To investigate the propagation of pulses in a medium withwere measured at a point located 10 cells beyond the back-plane of
e<ep and u<pug, a free-space matched 2TDLM slab with the 2TDLM slab. The superluminal case illustrates that the medium
the parametersy,=1.0, yz=1.0x 1078, x,=—05 T parameters can be designed to insure that the pulse shape is pre-
=1.0x10 5wy, and w,=wo=27f, for f;=0.01 GHz was ~ Served.
considered. Note that this 2TDLM medium has a much nar-
rower resonance than the one shown in Fig. 1, and that res¢solid curveg and without it(dashed curvesare given over
nance is located af,=0.01 GHz. This choice allows a the entire FDTD simulation space at three time valtes
simple consideration of the maintenance of the shape of the- 4.8 ns=300Q\t (curves to the left of cell number 3000
pulse as it propagates in the 2TDLM slab without having tot=9.6 ns=600Q\t (curves between cell number 3000 and
worry about the impact of the absorption near resonance. 18000, andt=16.0 ns=10 00Q\t (curves to the right of cell
fact, because most of its frequencies are well above the resoumber 5000 The total field/scattered field, the front plane
nance frequency, a single-cycle pulse having a peak freof the 2TDLM slab, and the rear plane of the 2TDLM slab
quency fy0=1.0 GHz should travel without distortion at a are also shown. With these times, Fig. 3 shows the 2TDLM-
speed 2 in this slab. case pulse before it interacts with the 2TDLM slab, while it

To compare the superluminal results with the correspondis interacting with the 2TDLM slab, and after it interacts
ing standard subluminal ones, we also considered the freavith the 2TDLM slab. One can see that before the 2TDLM
space matched 2TDLM slab with the parametgfs=1.0, slab, the free-space and 2TDLM-case pulses coincide.
xp=1.0x10"° yx,=+0.5 I'=1.0x10 0wy, and w,=wq
=2mfgy for wg=0.01 GHz. In this 2TDLM slab, the fre- 1om . 8
guencies well above the resonance travel at spé2d

The FDTD results for the propagation of a single-cycle
pulse with its center frequency at 1.0 GHz in both 2TDLM
slabs are shown in Fig. 2. The time histories of the electric
field at a point ten cells beyond the 2TDLM slab’s back
interface(at z=iAz with i =5010) are given. Also given for
comparison purposes is the FDTD result at the same point
for the same pulse propagating in free space. The peaks of
the pulses are found to occur in time precisely at the values
corresponding to the speeds in their respective media, i.e.,
analytically the neighboring peaks should be separated by
1000/0.4&t=2083.3At; they are separated by 2084 nu-
merically. -1.0 | | | s

The results for the superluminal 2TDLM slab do not vio- 0 2000 4000 6000 8000
late causality(Einstein relativity. Simply, many electromag- FOTD cell number
netic waves travel faster thanin this medium. Moreover, FIG. 3. The electric-field amplitude in the FDTD simulation
the effect cannot occur until an initial pulse “activates” the gpace at the times=4.8 ns=300Q\t (curves to the left of cell
2TDLM medium. The waves are then exchanged betweeRumber 3000 t=9.6 ns=600Q\t (curves between cell number
cells in the 2TDLM slab at their respective wave speeds3000 and 5000 andt=16.0 ns=10 00Q\t (curves to the right of
This dispersive effect is shown in Fig. 3. The electric fieldscell number 5000 The solid lines represent the 2TDLM cases; the
E,(z,t) that propagate with the 2TDLM slab being presentdashed lines represent the free-space cases.

A. Faster than light propagation

05 |- } _

0.0

Electric field am plitude
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Within the 2TDLM slab, one can see that the 2TDLM-case — oTDIM slab
pulse has doubled its size in contrast to the free-space case e Free space
due to the differing speeds of propagation of the frequency 1oe . — T 9

components that make up the pulse. Beyond the 2TDLM
slab, one can see that the 2TDLM-case pulse, which has
exited the superluminal medium, has reformed itself into the

05 - .
same shape as it had before entering the slab. The peaks of 5 i
the free-space case pulse and the 2TDLM-case pulse are -
separated by 1000 cells as expected from the speeaasitie 00

the 2TDLM slab of the majority of the frequency compo-
nents within the pulse. Note that there is a wave numerically
reflected from the “matched” 2TDLM slab. It has a maxi- i i
mum amplitude that is 310 smaller than that of the 05 - P
incident pulse. H
It is noted that essentially the same results are obtained h
for any 2TDLM slab that hag,= — 0.5, has the same values -4 . ' ' L £ T
2
for the productsy,w;, and ygw,, and has a narrow reso-
nance, and for signals whose major frequency components
are well above the resonance value. On the other hand, if the F|G. 4. Information can be transmitted at rates faster than in free
signal’s frequency content is moved into the resonance respace with the aid of the 2TDLM slab. The electric-field time his-
gion of the slab or vice versa, severe pulse distortion occursory received at 10 cells beyond the back-plane of the 2TDLM slab
Few frequency components neBy propagate through the is compared to its free-space propagating counterpart.
slab since most of their energy is absorbed in it. However,

even in such cases, one can still observe the superluming|gering information exchange via short pulses, a matched
behavior for some of the highest frequency components ofyaterial is critical if one wants to minimize the impact of
the pulse. _ o dispersion on the results. As noted previously, if the electric
Finally, it must be recalled that since the artificial mol- g magnetic properties of the 2TDLM metamaterial are
ecules are assumed electrically small in comparison 10 jentical at each frequency, the wave impedance at each fre-
wavelength to derive the metamaterial 2TDLM response, th‘(”quency is the same. Consequently, the signals transmitted
2TDLM model will break down in practice at very high fre- through such a matched 2TDLM metamaterial will experi-
quencies. In fact, it is expected that as-%, e—~€;, 4 ence no distortion. This effect is demonstrated in Fig. 4. If,
— iy for any realistic physical implementation of a 2TDLM on, the other hand, the 2TDLM metamaterial is not matched
metamaterial. Nonetheless, it is also expected that one caghq the electric and magnetic properties have significantly
still realize a large band of frequencies over which this sujfferent dispersion characteristics, the shapes of the trans-

perluminal effect could be achieved. _ mitted pulses will become severely distorted. This distortion
To demonstrate that the speed at which information caroy|d adversely affect the information exchange.

be transmitted can be enhanced by the 2TDLM slab, signals T test this behavior, the propagation of an information
consisting of a combination of single-cycle pulses weresignal through a 2TDLM metamaterial derived as a variation
propagated through it. The basic information test signal congf the one used ifi25] was considered. The relative permit-

sisted of two single-cycle puls&$9) with foo=1.0 GHz that tjyity of the metallic rod portion of the 2TDLM metamaterial
were separated in time byTg; i.e., two signal widths. This  medjum was set equal to

pulse could represent, for example, an on-off-off-on-off se-

Electiric field

Time step

guence of bits. The electric-field time histories measured at wf,
z=501Q\z for this information test signal propagating in e(0)=1+ yoqfw)=1— 2—11“9 (22
w — w

free space and propagating through the 2TDLM slab are
shown in Fig. 4. Clearly the pulse shapes and distance be-

tween the pulses are maintained. The time of arrival of th@/vherel“ezo.lwp with the plasma frequenc§,=w,/(2m)
pulses is enhanced by the presence of the superluminal3.618<10° Hz. The relative permittivity of the split ring

2TDLM slab; it provided the means for the transmission ofresonator portion of the 2TDLM metamaterial medium was
information at speeds greater than those in free space.  set equal to

A design of an experiment to confirm these matched
2TDLM slab results is currently in progress. Particular con-
cerns include how well one can achieve the matched electric m
and magnetic properties in the same metamaterial. When pr(@) =1+ Yol @) =1———— 2

Rk . . . ' o= jIMo—wg
considering scattering or simple propagation effects, one de-
sires a matched material simply because the amplitudes of
the transmitted signals will not be impacted by the interacwhereF =+0.5, I'™=1.0x 10 >w, with the resonance fre-
tions with the faces of the slab. Larger transmitted field val-quency fo=wq/(27)=1.0x 10° Hz. This choice gives a
ues will generally be easier to detect. However, when conmatching pointe, (o) — 1=y (wyn)—1 at f,=w,/(27)

2
(23
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FIG. 5. Information can still be transmitted at rates faster thanin |G, 6. The normalized energy received in time at a point 10
free space with the aid of an unmatched ring-rod 2TDLM metamacg||s beyond the back-plane of the ring-rod 2TDLM slab is com-
yond the back-plane of the ring-rod 2TDLM slab is compared 0 itSthe information energy is received at a rate faster than in free space
free-space propagating counterpart. with the aid of the ring-rod 2TDLM slab.

=5.0x 10° Hz that is above the lossy resonance region of the
split ring resonator permeability and above cutoff for the
metallic rod permittivity.

An information signal consisting of two single-cycle
pulses(19), each with foo=1/T,=5.0X 10° Hz and sepa-
rated in time by 20, was propagated numerically through
this ring-rod 2TDLM metamaterial. Because of the higher
frequencies involved, the FDTD cell size was modified to
Az=2.0x10 “. This maintained the disretization gy/300.
The time stepAt=0.48\z/c=3.2x10 ¥ s=0.32 ps. The B. Electromagnetic energy
FDTD problem space size and the total number of time steps The question of determining the electromagnetic energy
in the simulations were increased accordingly. The slab wag, 3 |ossy dispersive medium was expected to be straightfor-
taken to be 5000 FDTD Ce||S th|Ck The eleCtI‘iC f|e|d Wa.SWard_ However7 upon revieW Of the |iterature, |t iS not an
measured again at the point located 10 FDTD cells beyondasily answered question. To begin, the energy in a uniform,
the back-plane of the 2TDLM slab. The FDTD results for thedispersiomess medium is well known to be
signal propagating through the ring-rod 2TDLM slab and

It is anticipated that in an actual experiment with its as-
sociated imperfections, a ring-rod 2TDLM slab may only
marginally demonstrate the predicted enhanced information
exchange. To achieve a more conclusive outcome, the cur-
rent design process is exploring alternate metamaterial con-
structs to achieve experimental data more like the ideal simu-
lation results shown in Fig. 4.

through free space are compared in Fig. 5. Clearly there are U(t)=Ug(t) +Un(t)

severe distortions caused by dispersion as the signal propa-

gates through the slab. These results also make it evident that :J Ee“g(; 02+ EMH*(; t)[2|dV (24)
the larger separation between the two single cycle pulses was v 2 ’ 2 ’ '

chosen to achieve a distinction between the dispersed pulses,
and that the slab was thinngonly 1.0 m thick in order to  The average total electromagnetic energy density would thus
minimize the amount of the dispersion on the signal. be

Nonetheless, despite the distortions and the thinner me-
dium, it is clear that the signal transmitted through the ring- (U(1))=(Ug(t)) + (U (D). (25)
rod 2TDLM slab does exhibit information exchange with
enhanced speeds. If an intensity threshold detector measu
ment is used on these signals(harely confirms this result.
Qn the othe;r hand,' if the energy of each cygle is used Quere to take on negative values, as they could in dispersive
trigger the information exchange, the result is even MOre adia. since the energy would then be negative.
positive. The signal energy received at the observation point, It is, found that Eq.(24) must be changed in a lossless,

as a function of time and normalized to the total e”ergydispersive mediun{49—53. The resulting time harmonic
received there, was also calculated. The FDTD results ar, 'ms are

shown in Fig. 6. More than 70% of the energy associate

with each single-cycle pulse after it has propagated through 1

the ring-rod 2TDLM slab is received at the detector before it <Ue>w:_f {[&w(we(w))]}|E(F,w)|2dV, (26)
would be if it propagated only in free space. 4)v

s immediately apparent that this form of the electromag-
netic field energy would cause apparent problemsahd
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1 - . One finds that the energy density is easily made to be
(Uno=7 | {ldu(on(o)HH(r,0)[?dV.  (27)  negative. In fact, consider a Lorentz medium that is recov-
4)v
ered by settingy ;= x,=0.0. One obtains

This handles the negative permittivity or permeability issue .
for normal test cases. For instance, for a lossless cold (U)*"= - 60[1—2(w(2)/F2)Xa]|E(fslab,wo)|2|-- (33
plasma, the permeability is a constgm{w)= o and the

permittivity This will be negative for any finite-width Lorentzian reso-

2) nance line havingy,> (I'/ wy)?/2. Similarly, in the special
w

e(w)zeo( 1——2

w

(28) 2TDLM case for whichy,= xz=0.0, then

(U >2TDLM:EG [1+2(02/T2) 1| B(Faap @0)|2L.  (34)
where w,, is the plasma frequency. It is well known that & o 470 o PR s B

€(w) will be negative foro<w,. The average electric- and

@
1+
w

magnetic-field energies are obtained with E@§) and(27) Therefore, the average energy density will be positivg.jif
as >0 and will be negative ify,<— (T'/wg)?/2. For a narrow
resonance, i.e., far < w,, this will occur essentially if sim-
€o - ply x,<0. For the more complicated narrow-resonance
<Ue>w:Zf |E(r,0)|?dV, 2TDLM case that we have been considering, which fas
v =1.0, x4=10"°, x,=—0.5, andl'=10 3w, with w,= wy,
(29 then the energy density could be quite large and negative at
<Um>w:%f AT, 0)|2dV, the resonant frequencyt),,,~ — 10" 10, |E|2L /4.
v In view of these negative energy considerations, a more
. - - - . exact calculation was found for a lossy, temporally disper-
which are both positive-definite quantities despi(e) tak- sive, spatially nondispersive mediuff0]. In particular, if
ing on the negative values far<w,. one defines the dispersion function as
Regrettably, there are very few expressions available for
lossy dispersive media such as the 2TDLM slab. The appar- K2
ent problem with a choice of the energy density for lossy D(k,w)=we(w)— ;,u,(a)), (35

dispersive media becomes immediately apparent if one sim-

ply extends the above result as, for example, then for w real andk complex, the real and imaginary parts

of k being obtained from the dispersion relati@(k, )
(U= Re {[(9 (we(w) )]}|E(r w)2dV. (30 =0, the averaged stored electromagnetic field energy be-
comes[[60], Eq. (22)]

For a time harmonic plane wave at the resonance frequency, 1 |oD 3°D
foo="Fo, that is interacting with a very thin(length (U)o= R%aw —jk M5 wak
=L) 2TDLM slab, one obtains immediately the time-
averaged electric-field energy

aD)l’Z d (_&D
1 dwe(w)
<U6>w0:ZEOR Jw

1/2 -
ar Jw f) }|E(rslabyw)|2L,

|E(F giap w0)|°L (36)

wfwo

+2]F(

wherel” again characterizes the width of the resonance. This

1 ©pX W5 X o™ OhX formula was evaluated USINGATHEMATICA ™ for the super-
~ €0 1+ T —2 2 luminal 2TDLM slab case. The normalized average energy
results 4U),, /[ |E(F gap )|2L], obtained with Eq(26) are
><|E(Fs|ab,wo)|2L_ (31)  compared with those obtained with E@6) in Fig. 7. One
finds that Eq(36) also predicts negative energies in a strong
For w,=wy, this yields resonance region. There are clear differences between these
two results caused by taking into account the width of the
1 ®oX g w} . ) resonance, but the large negative value at the resonance fre-
(Ue>wo= 260 1+ T —2—2(xa—X7)|E(rs,ab,wo)| L quency, where the absorption and the derivative of the per-
r mittivity are maximum, is not avoided even with this more
2 detailed calculation.
= EGO 1— 2@( Yo X 1 F Consequently, we are left at the moment without a defini-
4 rz\~« =7 2 o tive answer to our original question as to the correct value of
. the electromagnetic energy in the superluminal 2TDLM slab.
x|E(FS,ab,wo)|2L. (32 Is having a negative electromagnetic energy result unphysi-

046604-8



SUPERLUMINAL TRANSMISSION OF INFORMATION.. .. PHYSICAL REVIEW B3 046604

Wp————— — In all of the 2TDLM cases considered numerically, this av-
erage energy/power quantity was positive. Thus, the energy
transferred from the field to the slab was always positive.

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

o
=9

& 1 1 =72 e
' Utasd )= | aVL& €701+ o DIP1AV, (39

!
o
=

T

|

Normalized average energy

1 .o N N - -
o 108 Ud‘PO'GS(t):EdeV[P(r.t)'E(rat)+MoM(r-t)'H(r’t)]-
Frequency { GHz ) (40)

]
b
r
&8

FIG. 7. The normalized average energy in the superluminal
2TDLM slab calculated with the dispersive medium expression, Eq.

(26), and the |Ossy medium one, E($6) Utotal(t) = Ufield(t)+ Udipoles(t)- (41)

cal, especially in a resonance situation? It is noted that simi- ese quantities were taken to represent the enerav of the
lar issues of negative energy and superluminal speeds ha @ q P gy

surfaced in some previous discussions regarding the Casimi'lelds’ _the dipoles, anq their total in the 2TDLM slab. For the

effect [53—-59. Whether negative energy is semantics or anumerlcal cases considered, they took the form

meaningful quantity has not been fully put to the test since

the values associated with the Casimir effect are quite small. 1

However, they could be investigated with one of the . _= 2 2

metamaterial constructs proposed here. Utietas(1) 2L|abdz[E°|EX(Z’t)| TuolHy(zD], (42
Since any quantity of interest could in principle be calcu-

lated with the FDTD simulator, several energy quantities

were considered. We note that only the electromagnetic field

energy issues will be discussed; thermodynamic argumentsudipoles(t)zzf dZ Py(z,t)Ex(z,t) + uoMy(z,t)H(z,1)],

which would require more information such as the mechani- slab

cal stresses and the heat dissipation, are not included. (43
From Poynting’s theorem, we know that the electromag-

netic power flow through a surface= gV, which bounds the . ) ) )
volumeV and has the outward-pointing normal vector field@nd were discretized appropriately. The average energies

hs, in the EPHM formulation is given by the expression ~ OVer @ imeT=NAt were simply taken to be

I 1T
a jgstnS- S(r.b (Utielas = Tfo dtUfead(t), (44)

1 N N
=ﬁt[EdeV[eo|E(r,t)|2+,uo|H(r,t)|2]dV

1 (T
- - N I Lo <Udipole9:ff dtUdipoIes(t): (45)
+f [E(r,t)-P(r,t) + uoM(r,t)- 4 H(r,t) JdV °
\%

= Pretast Papales 37 (Utotal = (Usietds) + (U dipoles - (46)

where Poynting’s vectoré(F,t)=E(F,t)xﬁ(ﬂt). Thus, . ]
propagating a wave through the 2TDLM slab, one finds that Clearly in all cases the average field energy should be

the total average energy lost to the slab over a fiveould ~ Positive; it was found to be positive in all of the numerical
be given by the expression cases considered. On the other hand, the average dipole en-

ergies could become negative above the resonance. In par-
ticular, consider, for example, the time harmonic value of the

(Proad T= JTdt[Pf- st Paioored- (39) average energy density stored in the electric dipoles in the
o 0 s T dpoe 2TDLM case. One has
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1 - = 1 = 1 - (@pXa~ ®°X)) (05— 0?)+ 0?0 Ty
- * _ = 2 _ - 2) pra Y pt AB
2Re[Px(w)Ex(a))] 2€0|Ex(0))| Re x2toum(®)] 2€0|Ex(w)| (wé—wz)z-i—wZFZ . (47)
|
Settingo~ wg+ 6 with <1 andw,= w, gives f,=1.0 GHz is given in Fig. 8, for an incident 2-16-2 pulse
1 1 with frequencyfgy=1.5 GHz, at the times=20 ns [Fig.
ERG[F’x(w)Ef(w)]NEfowo|Ex(w+5)|2 8(a); 12500 time stegs t=32 ns[Fig. 8b); 20000 time

stepg, andt=44 ns[Fig. 8(c); 27 500 time steds For all of
—28(xu—x ) 4T these times, the incident field is interacting with the 2TDLM
% X Xy 72 XE (49 slab. The small-amplitude waves to the left of the 2TDLM
45°+717 slab early in time (=20 ns) represent the numerically re-

] ) . _ flected field that has the frequenéy 1.5 GHz and latert(
With I'<wo and xs<1, the average dipole energy in a thin — 35 g and =44 ns) represent the reradiated field that has
slab would be frequencies centered abofit=1.0 GHz. The fields to the

right of the 2TDLM slab represent early in time the trans-
(Udipol ws 5~ — M‘;_W ol Ex(w+ d)|2L (49 mitted fie_ld and t_hen later in time the energy being reradi_ated
as the dipoles ring down. A Fourier transform of the field
transmitted earlier in time shows, as expected, a very strong
and, if x,>x,, it is negative(positive) slightly above(be-  apsorption of the frequencies surrounding the resonance, and
low) the resonance whe@>0 (6<0). On the other hand, for |ater in time shows the dipoles ringing down.
W%, Note that for the given parameters, almost all of the ab-
sorbed energy is radiated to the right of the 2TDLM slab.
. (500  This was confirmed by calculating the percent of the total
incident energy(time-integrated Poynting vectoﬂ,gdtsz)

This is clearly positive or negative depending on the sign Of:o_llected one cell in front of the ZTD_LM _slab gnd the trans-
X.,- Numerically, it was found that the average dipole energ){“'t,ted energy collected one 9el| behlnd it. This result for an
was indeed negative in the regions where Befv) <O0. incident 2-16-2 pulse again having the frequenty,

The remaining issue, which was addressed numerically, 1-5 GHz that is transmitted through the superluminal
was the average tota' e|ectromagnetic endﬂg%tao in the 2TDLM Slab W|thf0=10 GHz is ShOWn n F|g 9. Note tha.t
2TDLM slab. As summarized in Table I, it was found to be the delay in the appearance of the reradiated energy occurs
negative for frequencies above and near the resonance freecause the speed of the puld®) in the 2TDLM slab is
quency where Re(orpim) <—1. much slower thar at this frequency. This slow wave speed

It is noted that in the case of the inverted me&] or  behavior is further apparent in Fig. 8.
for the Casimir effec{59] studies, the change in the energy
affected by the presence of the medium/structure was mea-
sured by calculating-(U g0l (s€€ alsd61]). In both of C. Electromagnetic force
those cases, this change of energy was positive, i.e., the po-
tential energy was positive rather than negative. Thus, ag,
with the metamaterial superluminal 2TDLM slab case, hav-

ing a large enough negative susceptibility led to energies an\éne forces exerted by electromagnetic waves to move small

forEI:_es 0ppo§|te ;o mos?hfound n ng)rrr]nal' media. i th dielectric bodiegatoms, small sphergbas been studied for
0 examine Iurther the energy benhavior over time, emany years and has led to a number of practical applications

electric-field distribution in the FDTD simulation space for : .

. . see, for instancd,62—64 and the references therginrhe
the superluminal 2TDLM slab with the resonance frequenc);expression for the electromagnetic force density on a general
stationary EPHM medium was found to have the form
(67,68

1 = 2
s elEu)I2L

(Udipole)»= Xy,

Another issue investigated with the FDTD simulator was
e calculation of the average force on the 2TDLM slab
hen a pulsed plane wave is interacting with it. The use of

TABLE |. Summary of FDTD simulator results for the energy
in and force on the superluminal 2TDLM slab interacting with a

2-16-2 incident pulsed plane wave. l?=(I3~ ﬁ)é-l—(,ud\ﬁ -€)ﬁ N at|3

foo Dipole energy Total energy e/eq, /gy Force % (Moﬁ) _ f9t(Mo|\7|)>< (EOE). (51)
0.5x10° >0 >0 >1 >0

1.0x 10° <0 >0 >1 >0

1.5x10° <0 <0 <0 >0 Since we are dealing with 1D plane-wave scattering from
10.0x 10° <0 >0 >0,<1 <0 a matched 2TDLM slab of thickneds=/Az, the instanta-

neous total force becomes
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= e . For a pulseN,At long, the average force over the tirie
L ] =NAt was calculated simply as
-12= | | 1 L
0 2000 4000 6000 8000 1 "=N
(b) FDTD cell number (Fy= N FD. (54)
n=1
12e , , 9
3 L . The average electromagnetic force was calculated for the
:3 08 a interaction of single- and multiple-cycle plane wave pulses
= L with the superluminal 2TDLM slab whose parametgrs
B ol =1.0, xp=1.0x10°, y,=—0.5, '=1.0x10 w,, and
- | wp=wo=27f, for f;=1.0 GHz. The force and the corre-
r 00 sponding energy results for the 2-16-2 pulse interactions
= with this 2TDLM slab are listed in Table I.
E i For the multiple-cycle pulse, it was found that the sign
i of the average forcéF,) corresponded most closely to the
5 - I relative permittivity and permeability values. When both
-08 - — were positive and greater than 1, the average force was
- 1 found to be repulsive. This was expected since the force on a
-12e ' ' ' dielectric particle is away from the sourp@b]. On the other
0 2000 4000 6000 8000 hand, when both were negative, the average force was again
(c) FDTD cell number

repulsive. This is opposite to the prediction giver{ 24]. In
FIG. 8. The electric-field distribution in the FDTD simulation this very absorptive region, the gradient force should domi-

space for the superluminal 2TDLM slab wifg=1.0 GHz at(@) t ~ hate the scattering force so that the force shouldFhe
=20 ns,(b) t=32 ns, andc) t=44 ns. ~—3d,Uota, Which is repulsive as was found. However,
when both the relative permittivity and permeability were

L positive but less than 1, the average force was found to be
Fz(t):f dz{[ 9;P«(z,t) JmoHy(2Z,t) + €0Ex(Z,1) attractive. For thefq,=1.5 GHz case, the average force in
0 the z direction over the 20-cycle 2-16-2 pulse was found to
X[ dyuoMy(z,t) ]} (52 be ~+3.0 pN; for thefyy,=10.0 GHz case, it was-—1.5

pN. Thus by changing the frequency of the incident pulse,
This force expression was implemented directly with thethe force on the 2TDLM slab could be made to be repulsive
FDTD simulator in the discretized form or attractive.
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It is noted that these force results are analogous to, buninal speeds of propagation over a large band of frequen-
opposite, the parelectric results given[#2,43. As noted cies. Single- and multiple-cycle pulses were used to test the
previously, the polarizability relationships between the in-signal propagation characteristics through the slab. The con-
verted medium and dc permittivities considered there are opsequent electromagnetic energy in the 2TDLM slab and the
posite to the passive, high-frequency permittivignd per-  electromagnetic force induced on it were calculated.
meability) issues considered here. It was demonstrated that the speed at which information

Similar responses were obtained for the single-cyclecan be transmitted can be significantly enhanced with the
pulses whose center frequencies coincided with the indicateidtroduction of the superluminal 2TDLM medium. It was
narrowband ones. The only difference was in the sign of th@lso demonstrated that the electromagnetic energy in the su-
total energy for the op=1.5 GHz case, where it was positive perluminal 2TDLM medium is negative for a large band of
rather than negative. There were more frequencies with totdtequencies above the resonant frequency. It was further
energy values above zero than there were below zero. Mor@lemonstrated that the electromagnetic force induced on the
over, the size of the energies and the average force weZTDLM slab can be made to be either attractive or repulsive.
slightly smaller than the corresponding multiple-cycle pulseThis force property depended on the material parameters or
values in all trials, but their values were more uniform overthe frequency of the incident electromagnetic plane wave.
the duration of the single-cycle pulse. As was demonstrated, some of the superluminal proper-

The corresponding subluminal 2TDLM slab with,  ties modeled here could be tested with a variation of the
=+0.5 yielded a repulsive force for all of the indicated fre- double negative ring-rod metamaterial reported [25].
quency values. Thus, because the practical artificial moleculelowever, because of the mismatch between the dispersion
realization of a 2TDLM slab could provide a means of properties of the electric and magnetic components of such a
changing the coefficieng, in real time, one could effec- 2TDLM metamaterial, information pulses propagated in it
tively change the direction a force would act on a 2TDLM experience large distortions. Hence, improvements in the de-
slab in two ways{(i) by varying the frequency of the input sign of an experimentally viable 2TDLM metamaterial need
wave or(ii) by working above resonance and changing theto be made. In particular, construction of a matched 2TDLM
value of x,,. One could then use a 2TDLM coating of some metamaterial with the properties proposed here would lead
object in a zero-G environmefivhere even small forces are one to a more definitive experiment. A variety of artificial
not insignificant and move that object with a microwave molecule and alternative embedded structure metamaterials
beam either tuned to the appropriate frequencies or by recomre currently being considered with the hope of fielding such
figuring the material characteristics appropriately. a proof-of-principle experiment in the near future.
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