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Abstract—Abnormal velocities in passive structures such as tified and defined phase, group, energy, and “frént&locities.
one-dimensional (1-D) photonic crystals and a slab having a However, for reasons unknown to the authors, while the first
negative index of refraction are discussed. In the case of 1-D yhyae velocities have received much attention in both undergrad-
photonic crystal, the frequency- and time-domain experiments for uate and graduate textbooks, the “front” velocity and the closel
waves tuned to the bandgap of the photonic crystal demonstrate g . ’ y y
a positive group Veioci’[y exceeding the Speed of ||ght in vacuum related Concept Of the fIrStOI’ Sommerfeld forerunner ha.S noten-
superluminal). In the case of a medium with negative index of joyed the same status. This is even more surprising since, amon
(sup g joy p g g
refraction, our theoretical studies show that such a medium can the aforementioned velocities, it is only the “front” velocity
support positive group and negative phase velocities (backward gi5n6 that must satisfy the requirements of Einstein causality.

waves), as well as negative group and negative phase velocitiesI th ds. Einstei litv d t al te th
The meaning of superluminal group velocity and negative group ' Oth€r WOrds, EInStein causality does not always equate the

\/eiocityl or equa”y’ positive superiuminai group deiay and neg- group VelOCity with the VelOCity of information transfer, partiC-
ative group delay, are discussed. It is shown that despite their ularly when propagation of “attenuated traveling wavess
counterintuitive meaning there are no contradictions with the jnvolved.
requirements of relativistic causality (Einstein causality). To |nierestingly, while abnormal velocities have received much
clearly demonstrate this, the important subject of the “front” is . e N . -
reintroduced. attention within the “physics community,” and even have been
discussed in the new edition of the well-respected text book by
Jackson [18, pp. 325—-326], the “engineering community” is less
aware of these developments. Ironically, this occurs in spite of
the fact that some of the earliest work in this subject was first
|. INTRODUCTION published in the microwave journals [19]-[21]. Unfortunately,
ehe cited work suffered from many misunderstandings and mis-
%terpretations and was the subject of controversy for some-
For example, the authors in [19]-[21] did not describe

Index Terms—Meta materials, negative group velocity, negative
index of refraction, superluminal group velocity.

HE FACT that the group velocity of an electromagneti
wave packet (pulse) can exceed the speed of light

vacuum (described as “superluminal”) has been demonstraiga?' Kin t ¢ t i hich i
in experiments at microwave frequencies [1]-[7], at optic ieIr work in terms of evanescent wave propagation, which 1S

frequencies [8], and in the single-photon limit [9], [10]. adhe underlying physical mechanism for the observed superlu-

a starting point, an interested reader may consult the revigi}\mal group velocities ',r) pasilve mgdlum ar'1d confus.e'd th? no-
by Chiao and Steinberg [11]. Despite one’s initial impressioHor_15 of phase, group, “front ! and“mfo_rmatlon velocities, im-
superluminal group velocities are not at odds with the requir ‘Y'”? that they have transmitied .rad|0_messages faster than
ments of relativistic causality (Einstein causality), and indee ht Interestingly, under appropriate circumstances, the ex-
it can be shown that they must exist as a consequence of é|mental setup used by the aforementioned authors has been

Kramers—Kronig relations, which in themselves are a statem d by others to demonstrate the superluminal group velocities
of the system linearity and causality [12]-[15] in undersized waveguides or slightly misaligned horn antennas

The point that in the regions of anomalous dispersion grow' [6], [22], [23].

velocity can become abnormal was first considered by Sorin—In this palpert, the t.erml abnormal \iﬁlomty IS usledltto_ldentlf[y
merfeld and his student Brillouin [16]. In their studies, the 0 generalcategories. in one case, the group velocily Is postiive

examined a sinusoidally modulated step function propagati d exceeds the speed of light in vacuum (superluminal), and in

through a medium with Lorentz—Lorenz dispersion. They ide e other case, the group velocity and, hence the group delay, is
negative. As an example of the former case, we experimentally
study the wave propagation through the bandgap of a one-di-
mensional photonic crystal (1-DPC), in both the frequency and

Manuscript received September 18, 2002; revised December 10, 2002. TH9€ domain. In the frequency domain we rely on measuring the
work was supported by the National Aeronautics and Space Administratitransmission phase and the group delay, and it is observed that
under Grant NRA-99-LeRC-1. ; :

M. Mojahedi, G. V. Eleftheriades, and J. Woodley are with the Electrical ange group delay for the_attenqqted _travellng waves propagating
Computer Engineering Department, University of Toronto, Toronto, ON, Ms&irough the 1-DPC, while positive, is less than the length of the
3G4 Canada (e-mail: mojahedi@waves.utoronto.ca). ) o

K. J. Malloy is with Center for High Technology Materials, Department of ‘To be complete, one has to add the term “signal velocity” defined as the
Electrical Engineering and Computer Engineering, University of New Mexicdelocity of the half-maximum point to the above list. However, by their own

Albuquerque NM 87106 USA. admissiorj, such a definition is arbitrary and as discussed in [1] can become
R. Y. Chiao is with the Department of Physics, University of California aguperiuminal.

Berkeley, Berkeley, CA 94720 USA. 2We have used the term “attenuated traveling waves” in the same sense as in
Digital Object Identifier 10.1109/JSTQE.2002.807971 [17], although sometimes the term evanescent is used to signify the same thing.

1077-260X/03$17.00 © 2003 IEEE



MOJAHEDI et al: ABNORMAL WAVE PROPAGATION IN PASSIVE MEDIA 31

1-DPC divided bye, hence implying a superluminal group ve-
locity. In the time-domain experiment, the time-of-flight for & ¥4 >\ @ mmm O) < s a
single tunneling wave packet tuned to the bandgap of the 1-DI |—\ / N /—"
is directly compared to a wave packet traveling an equal distar
in air (vacuum).
Wave propagation through a medium with negative index
refraction (NIR) is an example of the second category of the a —
normal velocities, in which the group velocity and group dela, Analyzer HP §722D
can be negative. In light of the recent interests in such mefag. 1. Setup used in the frequency domain. It consists of a standard horn
materials, also sometimes referred to as the left-handed-metignna (SHA), vector network analyzer (VNA), and collimating lenses.

(LHM), and the confusion surrounding the meaning, necessity,

and existence of the negative group velocity for these met&€flect” is a copper plate set midway between the transmitter

materials [24]-[28], a systematic study of this subject is wafnd receiver. The accuracy and precision of the setup and the

ranted. In Section IV, we theoretically study the wave propag&@liPration scheme was tested by using the setup to measure the
tion through a slab or multiple slabs having an NIR. It is ogransmission function and consequently obtaining the index of

served that such media can in principle support both negatr\c;graction for slabs of Polycarbonate, Teflon, and PVC. At the

phase and group velocities in addition to positive group and né§SPective frequency range (18 to 26 GHz), the comparison be-

ative phase velocities, i.e., backward waves [29, pp. 263]. tween the published results and our measurements were very
In light of the experimental and theoretical evidences f&°0d [33], implying the veracity of our technique. )
superluminal and negative group velocities presented here an§Y Performing the TRL calibration, a reference plane of unit
elsewhere, a question remains to be answered. How do thg?egnltude and zero phase for the transmission, at the midway
anomalous behaviors comply with the principles of speciBPiNt between the two standard horn antennas (SHA), was es-
relativity which require that no signal (information) travel faste{@Plished. The 1-DPC was then inserted between the two col-
thane. To answer this question the important subject of “frontiMmating lenses, and the receiver antenna was moved backward

is reintroduced. It is argued that from a purely theoretical poiftdistance equal to the physical thickness of the 1-DEL).

of view, genuine information carried by an electromagnetf(::_ig' 2(a) and (b) shows the measured and calculated transmis-

pulse (or pulses) is to be associated with the pulse “front” arféPn Magnitudes and unwrapped phases for 1-DPC’s with one,
the field oscillations immediately following the “front”, i.e., W0, and three Eccostotldielectric slabg N = 1,2,3). _
the Sommerfeld forerunner. The thickness and the index of refraction for the dielectric

This paper is organized as follows. In Sections Il and Ifflabs were 1.33 cm aritld—;0.002, respectively, whereas the

the experimental evidence of superluminal behavior in the fr@il SPacer region had a thickness of 1.76 cm and index of unity.

quency and time domain are presented. The subject of negaﬁ—\lf@ theoretical curves were obtained using the procedure de-

group velocity and wave propagation in a medium having an &€ibed in [2]. _ _
fective NIR is discussed in Section IV. The important topic of V& €xpect to observe the superluminal behavior for frequen-

the “front” and its relation to the Einstein causality is discussédS Within the bandgap of the 1-DPC, for which in the limit of

in Section V. Our final thoughts and remarks are summarized@f infinitely long 1-DPC, the waves are evanescent and acquire
Section VI. no insertion phase as they propagate. Clearly, as the number

of slabs is increased, our finite 1-DPC better approximates
the infinitely long 1-DPC. At the same time, due to the strong

Il. MEASURING SUPERLUMINAL GROUP VELOCITY IN attenuation of the transmitted signal [see Fig. 2(a)], it becomes
FREQUENCY DOMAIN more difficult to accurately and reliably measure the trans-

rlE}‘rission magnitude and phase. Consequently, the comparison

[ PRl |
- A

Setup used to measure the group delay and hence the g

velocity for a 1-DPC in the frequency domain is shown in Fig. i
; worsens as the number of layers are increased.
In order to properly measure the superluminal group veloci- ;
L . . The group delay and group velocity are related to the trans-
ties in the frequency domamccurateandreliable knowledge . . :
Ny : : mission phasé¢) according to
of the transmission phase is necessary. Fmrecoaxialor free-

spacesetup shown in Fig. 1, the implementation of a conven- o o _ OArg(T) (1)
L = ZE)

u o .
ef\)/veen the detected and calculated transmission functions

tional short-open-load and thru (SOLT) calibration is difficult, COw Ow
if not impossible [30]. Furthermore, in our measurement, it ignd
pivotal to ensure that insertion losses and phase delays associ- v I

g pc

ated with the setup (particularly the antennas, waveguide to an- - = — (2)
tennas transitions, and the air segments surrounding the 1-DPC) ¢ Ty

are removed, and a reference plane is established at a pointvigereT” is the transmission function; is the radial frequency,
tween the two antennas and at their respective far-fields. @od L. is given by

this end , a thru-reflect-line (TRL) calibration is used [31, pp.

217-222], [30], [32]. The “thru” standard is a free-space trans- Lpe = (N = 1)(d; + do) + d;. (3)
mission line of the length 58.9 cm, while the “line” standard itn (3), d; andd; are the dielectric thickness and spacer thickness,

a free-space transmission line of the length 59.24 cm, and tiespectively.
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Fig. 3. Measured and calculated group delay for the 1-DPC. The parameters
used to obtain the fitted curves (measurement) and the calculated curves (theory)

215

200 205 220 248 230 are given in Table |
Frequency (GHz) 9 '
@) TABLE |
. ) ) ) ) FITTED AND MEASURED PARAMETERS FOR1-DPC WTH 1, 2,
-200 +— AND 3 DIELECTRIC SLABS
— Fitting, i Fitting, Measured
® N=3 N=2 N=1
053 d 174em | 1825 em 1.76 cm
Q
ﬂ 4, 1.399 em 1366 cm 1.396 cm 1.33 em
<
=
% n 3216 3.288 3.245 3.40
@
Q "
% n 0.002 0.002 0.002 0.002
.
Z-1000
O e Measured
Theory The fitting parameters for the case df = 3,2,1 and the
-1200 . . . . . measured values of these parameters are given in Table I.
20,0 205 21.0 215 220 225 230 Having acquired the group delay, the normalized group ve-
Frequency (GHz) locity can easily be obtained from (2) and (3). This is shown in

(b) Fig. 4, where in addition to velocities derived from the measure-
Fig. 2. Measured and calculated transmission magnitudes and unwrapH%@ms (dotted curve_s), the theoretical values for group velocities
phases for the 1-DPC with one, two, or three, Eccostock dielectric slai@e also shown (solid curves).
(@) transmission magnitude and (b) transmission phase. A closer examination of Fig. 4 reveals that while one di-
electric slab(N = 1) is inadequate to produce superluminal

Equations (1) and (2) imply that in order to acquire the grougyoup Vvelocity, two slabs are sufficient to set up the interfer-
delay and group velocity from the measured phase informatidtices resulting in a group velocity exceedindn the case of
curves in Fig. 2(b) must be differentiated. However, differedy = 3, @ maximum superluminal group velocity 2.1 times
tiating noisy? data is a challenging task, and smoothing thie observed. Finally, for the normalized group velocities shown
curves prior to differentiation is a notoriously arbitrary proced8 Fig. 4 a detailed analysis of the experimental errors can be
that may introduce artificial results. To avoid this, we have otjound in [33]. The conclusion of these analyses is the fact that
tained a nonlinear least square fit to the experimental phase dit§. maximum error due to the experimental uncertainties asso-
The best least square fit to the data can be obtained as a funcﬁ@r‘ied with the index of refrac_tlon of the dielectric slab, the s_Iab
of the dielectric thickneséd;), spacer thicknes&d; ), and the thickness, and the spacer thlckness are less fchan 0.1_4, with an
real part of the Eccostofkindex of refraction(n;). A Fortran erroreven smallerth{:m 0.14in the range for which maximum su-
program based on the IMSL subroutine DBCLSF, which usggr!ummal behawo_r is observed. In short, none of the above_ ex-
a modified Levenberg-Marquardt algorithm and a finite-diffe/2€"imental uncertainties are large enough to place the depicted
ence Jacobian, is used to obtain the best least square fit. Fia_ugerlumlnal group_velocmes beIO\_/v the “light line. .
shows the result of the least square fit of the phase data togethé:rrom the theoretical and experimental results presented in

; ; ; . this section, it is evident that for the frequencies within the
with applying (1), in order to determine the group de{ay) for ' i
a 1-DPC with one, two, and three Eccostock dielectric slabs.b‘ﬁ"r_]dgap _O_f apassive stru_cture such as 1'DP(.:’ the group delay
while positive (see Fig. 3) is less than the physical length of the

®Note that the vertical axis for the unwrapped phase in Fig. 2(b) spans a lalgdDPC divided byc (0 < 7, < Lyc/c). This in turn implies a
range 200 to—1200 degree). Consequently, the effects of noise on the phaﬁésitive and superluminal group velocity for these frequencies
data is not immediately evident from Fig. 2(b). A closer examination of th . .

> ¢ > 0). In Section Ill, a setup is used to further measure

wrapped phase for the frequencies within the stop-band, however, shows a s ) ; ) > : °
yet detectable variation of the phase. the superluminal group velocity directly in the time domain.
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Fig. 4. Normalized group velocity for the 1-DPC. The dotted curves are the
measured results obtained from the fitted curves in Fig. 3 and (2). The solic
curves are theoretically calculated.
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I1l. M EASURING SUPERLUMINAL GROUPVELOCITY IN TIME

DoMAIN :
0.6 | L Il Il L Il |
In Section Il, a frequency-domain setup was used to detect th 15 16 17 18 19 20 2 22
superluminal group delay® < 7, < L,./c) and group veloci- Time [ns]

ties for a 1-DPC. A more elegant approach is to observe this a&lyy. 6. The “center” and “side” pulses without the 1-DPC present. The
normal behavior directly in the time domain, verifying the facpre-existing delays between the two paths are electronically removed such that
that the envelope of a wave packened to the stop-bandf a the peaks of the two pulses arrive at the same time.

photonic crystal propagates superluminally. To accomplish this, ] )

a 1-DPC consisting of five alternating layers of Polycarbonaf microwave pulses were fired in order to measure and then
(n = 1.66) and air(n = 1) was designed to have a stop-banfemove the tln_te-delay differences _between the tyvo paths due
at 9.68 GHz (the center frequency of our source). Fig. 5 Sho@&dﬁferences in the_cable lengths, internal detectlon o_f the 0s-
the experimental setup. m_lloscopes (Tektronix S_CD 5000), and other incompatibilities.

A backward wave oscillator (BWO) was used to generat:eig- 6 shows the normalizeédvave packets after the setup Qelay
the microwave pulse, and a mode converter (MC) was used@s been compensated, such that the peaks _correspondl_ng tothe
convert théT'My; mode of the BWO to &Ey;. The pulse was pulses traveling through the “cer_tter” and “side” pa_ths, in the
then radiated via a conical horn antenna (CHA). The frequeng@sence of the 1-DPC, have arrived at the same time. At this
output of the source was tuned to the mid-gap frequency of tRgINt the 1-DPC was inserted along the “center” path and a se-
1-DPC at 9.68 GHz (full-width at half-maximum (FWHM) of €S of smgle pulses were fired. th. 7 shews the result for the
100 MHz) and was detected by two HP 8470-B, Schottky diod@verage of five pulses. From_ the figure, it is clear that the peak
detectors (provided in pair). Two single-channel TektroniQf the wave packet propagating along the “center” path and tun-
SCD-5000 fast oscilloscopes (4.5 GHz bandwidth) were usB8ling through the 1-DPC has arrivee)+20 ps earlier than the
to display the pulse traces. In order to ensure that the t#§COMpanying pulse propagating through the free-space along
oscilloscopes were triggered as close to each other as possifig, Side” path. For a well-behaved wave packet, the theoretical
a line from the accelerator section of the BWO was connect¥@lue of the time-shift for the pulse peak can be obtained from
to a fast Pico-second pulse generator, PSPL-model 4506/, in which ther, is the group delay
which in turn was used to trigger the Tektronix scopes. The Ly
pulse generator was capable of producing trigger pulses with At = =" — 1.

(4)
C
very sharp raise time (10% to 90% rise time of roughly 100 pﬁ% the case of the 1-DPC studied here, fhg was 22.75 cm

22(;1”;%83?; eSr:CIJy t:vsasv;rsee?rito :rres(,jurvsittr::it 2"(1) th: ;voorfte;%ﬁ% ther, was calculated to be 320 ps at 9.68 GHz. Using these
P 99 P values in (4), a theoretical value &ft = 438 ps was obtained

other. hich is in good agreement with the experimentally measured
The CHA radiation intensity was sampled along two distindt 9 9 P y

directions (paths), referred to as “side” and “center.” A series4Each wave packet is normalized to its respective maximum amplitude.
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Fig. 7. The 1-DPC was inserted along the “center” path. The tunneling puI,gEJ. 8. A comparison between the tunneling and the free-space pulse

(‘center”) has shifted to earlier times K40 + 20) ps. propagating along the “center” path. The tunneling pulse has been manually
shifted to later times in order to make the comparison easier.

value of440 + 20. The advancement in time for the tunneling
pulse (At) can easily be translated to a measure of the wamganually moved to later times in order to make the comparison

packet group velocity according to between the two pulses easier. The reader must note that, for the
Loe purpose of comparison, the curves in Figs. 6—8 are normalized

Ve = I . (5) totheir respective maximum (note the arbitrary units). However,

(f) — At in terms of the actual units the maximum amplitude of the curve

Ig_beled “center”, Tunneling in Figs. 7 and 8, has been reduced

Sgtltje?j“\?vﬁh(?Q;P:l:;a\tglso::?t?/; gée it L(j)nln5e)|Iggs\l\lc%vripg?gﬁg%zpby a factor of 2.8 as compared to the maximum amplitude of
) ) the curve labeled “center” in Fig. 6. This reduction in amplitude

theoretically calculated value of 2.37 is the result of evanescent propagation of the tunneling wave
In order to assure that the observed superluminal behavior propag 9

is not the consequence of mere chance and random effects,p[ gket through the bandgap of the 1-DPC.

) A ' e physical meaning of superluminal group velocities dis-
curves depicted in Figs. 6 and 7 are each the average of fB/uessed in Sections Il and 1l can be understood as the following.

pulses. However, in any averaging processes the point to be can- . .
cerned about is the similarity (in terms of the mean) betwee'gr?rawe" behaved wave packet propagating through a medium

. . ) ; capable of supporting superluminal group velocities, the peak
the averaged quantity and its constituents. The quantity that befsﬁ]e wave packet (although reduced in magnitude) always ar-

measures the similarities or differences between multiple sets?i(\)liés sooner than a similar wave packet traveling the same dis-
data is well known as thetandard erro{34, pp. 609-610], and P 9

for the data shown in Figs. 6 and 7 thaximunstandard error tance in vacuum. In the cases studied so far, the group velocity

was 0.0097 (corresponding to maximum variance of 0.09) fgpd group delay are positive and superluminal. In Section IV,

the curve labeled “side,” depicted in Fig. 6. Clearly, the smalfe consider the second category of the abnormal velocities for

magnitude of our maximum standard error implies that the coVr¥-hICh the group velocity and group delay are negative.
stituents of our averaged curves closely resemble the resultant
averaged curves.

The traditional point of view has commonly regarded the For the second category of our abnormal velocities, we con-
group velocity in the region of anomalous dispersion for whicsider the case of negative group velocity and negative group
a large amount of attenuation and dispersion accompanies die¢ay (a group advance). With the recent possibilities in man-
wave packet, as an unphysical quantity. For example, Landafacturing a media having a negative index of refraction (NIR),
and Lifshitz state: “When considerable absorption occurs. Thé&so referred to as LHM or meta-materials [25]-[27], [37], [38],
group velocity cannot be used, since in an absorbing medidhe subject of negative group velocity deserves some attention.
wave packets are not propagated but rapidly ironed out” [35]. Unfortunately, this subject suffers from misunderstandings
Brillouin expresses the same sentiment when stating “...butahd misconceptions, particularly as to the connection between
absorption also occurs, a (the wave number) becomes complé®M and negative group velocities. For example, it has been
or imaginary and the group velocity ceases to have a clear phgaggested that a negative group velocity is a necessary signa-
ical meaning” [36, pp. 75]. ture of the LHM [25] and has been stated that the term LHM

For this reason, it is important to compare the wavefornis to be understood as substances with negative group veloci-
prior to and after tunneling in the experiment described abouges [24] and that the left-handed medium has a band with neg-
Fig. 8 shows that in contrast to this common belief, the tumtive group velocity [26]. On the other hand, experimental and
neling wave packet of Fig. 7 suffers minimal dispersion sudheoretical studies presented thus far only consider the case of
that the FWHM of the pulse after tunneling was only increasethtiparallel phase and group velocities (backward waves) for
by 1.5%. In obtaining this figure, the tunneling wave packet wasghich thegroup velocity is positivand points away from the

IV. NEGATIVE GROUPVELOCITY IN META MATERIALS
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Meta Material
Slab

Source

Im[Effective Index]

Re[Effective Index]

Frequency (GHz) > Z

Fig. 9. Real and imaginary parts of the effective index of refraction for Z=_0 ) ] Z=L
meta-material. The parameters used in obtaining this figure and the remainfirig.- 10. A slab of meta-material illuminated by a plane wave source.
figures in this section areve, = 0, wmo = 27 X 21, wep = 27 X 28,

Wmp = 27 X 24.5 (GHz),v. = 1.6 x 10%, andv,,, = 4 x 10° (1/s), 0 1.5
respectively. _ 3 —
5 -4 + P ——Trans. Mag. <+ 1 E
. . L . g ! - = Trans.Ph =
radiating source, while the phase velocity is negative and poil T les F
toward the source [27], [37], [39]. While a full treatment of the% by
presence of positive and negative group velocities in meta—mag TO E
rials must rely on many considerations [40], [41], here, a simp g 1 o5 5
model is used to clarify some aspects of the problem. Z -. %
Consider a medium having an effective electric and magne g Tl T-1 §
responses characterized by [37] E el s g
w2 — w2
e=1—- 5—5—— EPQ €0 () } -2
W= = Weo — JVeW 24 26
and by Frequency (GHz)
w2 = W2 Fig. 11. Transmission magnitude and phase for a 2.5-mm thick meta-material
floff = 1 — —5——=" (7) slab.
W — Who — JTmW
0.3

wherew.p, wmp are the electric and magnetic plasma frequer
cies andv.,, w,, are the electric and magnetic resonance fre
guencies, respectively. Thg and~,, are the phenomenolog- ¥
ical electric and magnetic damping constants. In regions fg
which the real parts of the effective permeability and permi'E
tivity are both negative, the index of refraction is also negativ§
[26]. These regions are of particular interest to us. Fig. 9 sho\§ -1-3 ]
the real and imaginary parts of the effective index calculateE

-0.5 A

1
T
=

-1 4

}
1
=]
w
Group Delay (ns)

R T+ -0.6

from neg = /ot /Mot - -2 . —Re[n]

To calculate the transmission coefficient through a slab « I g X - - Group Delay

NIR material of thicknesd., consider the geometry shown in  -2.5 ; t LA ' t ' -0.9

Fig. 10. The slab is irradiated by plane waves from a source | 18 20 22 24 26

cated to its left at negativevalues. The transmission coefficient Frequency (GHz)

(magnitude and phase) can then be calculated according to

ik L Fig. 12. Group delay and the real part of the effective index for a slab of
T (w) t12toze"™? 8) meta-material 2.5-mm thick.

T 1 rigrageitiel
wheret; ; andr; ; are the Fresnel transmission and reflection Fig. 11 shows the transmission function (magnitude and
coefficients corresponding to the slab boundariestanslgiven phase) for a left-handed slab 2.5-mm thick. Note that in the

by vicinity of minimal transmission, corresponding to the region
9 of anomalous dispersion, the slope of the transmission phase
ko = M2 cos 0s. (9) changes sign, consequently implying a change of the sign for

the group delayr).

In the following, we assume that the LHM is surrounded by The group delay and the real part of the index are plotted in
vacuum(n; = n3 = 1) and is illuminated at normal incidenceFig. 12. From the figure it is evident that group delay, and hence
(6, = 0). the group velocity, are negative within the region of anomalous
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dispersion and are positive away from it. Note that at frequenc 2
vy = 21.16 GHz the group delay changes sign from negativi

to positive, while the refractive index remains negative. Thi _ 0
implies that for frequencies greater thenthe group velocity &

is positive, whereas the phase velocity remains negative, c(& -2
responding to the backward wave propagation discussed e&
lier. The fact that the group velocity is positive for frequencie:%‘ -4

greater tham, can also be seen from the behavior of the index c&

refraction in Fig. 12. In this frequency rangédn/dw) is pos- -6 T ——Undetuned
itive and larger tham, indicating a positive value for the group i - = Detuned
velocity calculated from -8 —t
c ¢ 18 19 20 21 22 23 24 25 26
Vom —@m = (10)

n -+ w:il_z a Frequency (GHz)

wheren, is the group index. The existence of regions of negarw. 13. The Group delay for a multilayer made of seven LHM slabs. The
tive group/negative phase velocities and positive group/nega’[ma—ma{eria! slab and the air spacer are each 2.5-mm thick. In the case of
phase velocities (backward waves) are also verified by the fﬂytgcr;fd multilayer, the magnetic resonance of each layer has been changed
wave simulations, the results of which will be presented else-

where.

Since, until now [42], none of the experimental and theorefavelength structures control the overall dispersive behavior of
ical work with the left-handed materials were carried within thée media. These underlying unit cells consist of split ring res-
region of anomalous dispersion, they all present the operati@nators and conducting rods in the University of San Diego ap-
within the backward wave region. In this regard, the use of ttioach [26] and are loaded inductor/capacitor elements in the
term negative group velocity in connection with these work is ifdniversity of Toronto approach [2], [40], [47]. In both of these
correct. The concept of negative group velocity (negative gro@pproaches, itis possible to introduce closely placed resonances
delay) for a medium characterized by a transmission functiééetuning) in order to increase the region of anomalous disper-
T(w) has a well-defined meaning. It simply means that the pe&ien bandwidth and consequently increase the negative group
of the output pulse is advanced in time (negative delay) such ti&lay bandwidth. As a proof of the concept, in Fig. 13 we show
it appears before the peak of the input pulse [18, pp. 326]. the case of the group delay for a 1-DPC consisted of seven al-

The fact that within the regions of anomalous dispersidgrnating layers of LHM and air (solid curve). In addition, the
group velocity can become negative was predicted by Garféture also displays the group delay for the same structure, how-
and McCumber [43] and has been experimentally verified 8yer, in which the magnetic resonar(cs,,) of each slab has
some [44]-[46]. Therefore, in this respect, a reader may agf@dually been changed by 1% (dashed curve). As the figure
how the regions of anomalous dispersion in meta-materidiglicates, for this detuned multilayer, the frequency spectrum
may be different from the same regions in normal materials. Ryer which the negative group delay is observed has increased
answer this question two observations can be made. First, cBi-approximately 80%, although the delay is less negative. In
sider the frequency range (or points) for which the dispersi@hort, where in the cases of anomalous dispersion in normal ma-
is minimal, i.e.,dn/dw ~ 0. In the vicinity of these points the terials one isnorelimited by the underlying atomic-molecular
group and phase velocities are approximately equal and gi\ﬁ@'ﬁdar dispersions, for meta-materials in general, and within
by the region of anomalous dispersion in particular, the subwave-

length macroscopic structures are analogous to the molecular
Vom'V, = £ (11) dipoles, but can more easily be tailored to meet a particular de-
n sign requirement.
which is clearly negative in contrast to the case of normal ma-
terials. Second, in the region of anomalous dispersion for ordi- V. FRONT AND INFORMATION IN PASSIVE MEDIA

nary materials the phase velocity is positive and group VEIOCityIn Sections II-1V, we have discussed situations for which the

is negative, whereas in the region of anomalous dispersion for o ; )
. o roup velocities are abnormal, i.e., are superluminal or nega-
meta-materials both the phase and group velocities are nega-

tive. Away from the reaion of anomalous dispersion. the ordi’e" Furthermore, many theoretical and few experimental work
' yi 9 . persion, have implied that it is possible to obtain these abnormal veloci-
nary materials behave normally with both positive group an

" . s without the attenuation observed here [11], [13], [44]-[46],
phase velocities, whereas the meta-material supports the batﬁ 1. Therefore, it is natural to ask whether or not these ab-
ward waves. : '

) . Lo . ... . normal behaviors are consistent with the requirements of spe-
Finally, note that the negative refractive index is an artificial. - : . ) .
. A ) o : ial relativity, which demands no information can be transmitted
dispersion in which the characteristics of the underlying sup- Lo )
aster than the speed of light in vacuum. To answer this ques-

SEquation (10) assumes perfect matching between the slab and the $ion, we must distinguish between the requirements of the first
rounding mejdla, iy = ra = 0. The effe_cts of mismatches Wh'ChthinCipleS (Einstein Causality), and vtz practical” detection
produce positive delays will not alter the conclusions presented here. Note that . d he inf . db
the expression for group velocity in (2) automatically takes the mismatch§¥5tem may use 'r_] oraer to eXtra_-Ctt ein Ormat'o_n conv_eye y
into account. an electromagnetic pulse or series of pulses. This section deals
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with the former aspect of the problem. Here, it is argued th@tansforming the integral in (13) into the complex domain and
superluminal propagation of the envelope does not imply stlosing the contour over the upper-half-plane along with the
perluminal transmission of information, since under no circunnequirement that the medium characterizednbig causal and
stances does the so-called “front” velocity exceed the speediludt the incident wave packet has a “front” are sufficient condi-
light in vacuum. This means that the presence of genuine tions to show that the value of the integral is identically zero for
formation should not be associated with the pulse maximumoK ¢, = z/c¢, or equally for velocitied” = z/t > ¢. The con-
half-maximum, but must be related to the points of nonanalydition that the medium characterized bys causal means that
icity of the information carrying signal. for this medium the effect cannot proceed the cause. Mathemat-
When discussing the “front” we must emphasize the fact thiaglly this is expressed a5 (7) = 0 for 7 < 0, whereG (1) is
any physically realizablesignal is restrictively time limited. In the susceptibility kernel given by

other words, any electromagnetic signal generated must have a +o0
beginning in time (i.e., a “front”). One can then always point to G(r) = 1 / [6 (w) _ 1} e~ Jo. (14)
a time prior to which the signal did not exist. For example, no 2T, €0

physically acceptable model can imply that the wave packets ] ] o

displayed in Figs. 6 and 7 existed prior to the experimenter 1n€ importance of the points of nonanalyticity as the “true”
pushing the button to discharge the BWO capacitance bankSnveyers of information becomes clear by the following
fact, in the general discipline of signal processing, the signdfught experiment. Suppose a noiseless superluminal medium
discussed here appropriately carry the name of “causal signd@annel) is designed in which, while the peak of a well-be-
for which the ordinary— oo, +o0) limits of the convolution in- haved wave packet is shifted to earlier times, its amplitude

tegral are replaced by zero ando, as given in (11) [49, pp. remains pnchanged. One may th.ink of such medigm as a
13, 85]-[52, pp. 35, 49-51] combination of the passive and active structure described here

and in [45], [46]. We then use a set of two pulses, having the
N maximum values of High (H) and Low (L), to convey a binary
g(t)= /f (T)h(t —7)dr. (12) information. For example, it is hot (H) or it is cold (L). If we
0 decide to present the information carrying signal as a truly
analytical function such as Gaussian, then by definition our
where £ (r) = 0 for t < 0 andh (r) is the system responseGaussian posses infinite .number of derivatives .anq as such is
function. Some authors have argued physical signals possesqfﬁomed a Tayl_or expansion about any one point in time. In
fronts since they are bandwidth limited [53], [54]. Clearly, aconer words, given a point and a small neighborhood, we can

cepting this definition for physically realizable signal, in WhichCorreCtIy predict the future behavior of the pulse including the

the wave packet spectrum is identically zero above and belgg?x'mum amplitude of our Gaussian (H or L) or extrapolate

In (12), f (7) is the input function (the incident wave packet)

a certain frequency (strictly bandwidth limited), would lead t the past and describe the wave packet behawor at an earlier
the conclusion that such a signal has existed ftom —oco to Ime. Howeyer, as stated equler atrue Gaussian _e_xtendmg ff"m
t = +o0, & a condition unacceptable on the physical groun '—oo,—l—oo) is not a causal signal, whereas a modified Gaussian

An analogous situation in designing an ideal filter also existcs:Z;/rm.?] asfr()r]rgl CI\?Q beleutses :Z Zrzts ?)?tac;:gl ia:;alé?]ftgr:m:;f:
in which it is well known that ideal strictly bandwidth limited, ying signal. Now, u P vt inuatl

low-pass, high-pass, or band-pass filters are physically unreI rlgtiment for putrhceflulsl,al .Gau\j\%art\ .futr;]ctlon.llThtet.quels ttlon V\Ile
izable [50, pp. 125], [52, pp. 95]. Finally, any signal used fo <€ ‘0 answeris the foflowing. ¥vhatis the eariesttime interva

communication would have an “end-time, ” at which the sign |rlog:mvgt]ilgz é’:r Ciin giorr:ZIC:z cf)rri;jIl(::totrrlﬁigur:gir:eI\tlaasllsjec}:h(zn(rjwlg
level has dropped below the noise floor. However, the existen%é . yingsig Lo . . '
€ earliest possible time is= 07, sincet = 0 is by definition

or lack thereof the “end-time” for a causal signal will not effec&

our conclusions regarding the luminal speed of the “front.” a point. of nonanalytici'ty for' which the Taylor e>_<par?sion dogs
The proof that no signal (information) may be detected soonré‘-r)t exist. Therefore, in this sense, the genuine information

thant, = x/c¢ can be seen via contour integration of an exprege_zgardmg the correct value of our causal signal (H or L) is

sion such as (13). Equation (13) describes the field at posittiorfomamed within the time interval beginning with= 0 (the

and timet for a wave packet impinging at normal incidence onfront ) and times |mmed|atgly fpllovymg it. In a practical noisy
channel, the duration of this time interval depends on many

a semi-infinitemedium characterized by an index of refraCtionéxperimental conditions such as the channel noise, the signal
18 . X ) o
n (18] amplitude, the detection system, the behavior of the signal at
oo 9 the turn-on (the order of the discontinuous derivative), etc.
u(z,t) = / T AW etk@z—iwty,, Times immediately aftet = 0 are the beginning of the field
- +n(w) oscillations known as the Sommerfeld and Brillouin forerunner,
too a subject that deserves its own exclusive consideration.
1 .
AWw)=— [ u(z=0,t)e“"dw. (13)
2w VI. CONCLUSION

— 00

_ _ o _ A frequency-domain setup is used to measure the group delay
6The reader may convince himself, by considering the Inverse FourlerTrans—d h h loci f . ithin the 1-DPC
form of a frequency-domain Rectangular function, which producssafunc- and nence the group velocity at frequencies within the 1-
tion in the time domain. stop band. It is observed that for these frequencies, the group
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delay (while positive) is less than the length of the 1-DPC di{18] J. D. JacksonClassical ElectrodynamicsSrd ed. New York: Wiley,
vided byc. This implies a superluminal group velocity for fre-

guencies tuned to the stop band of the structure. To directlgllg]
verify these results, a time-domain setup is used to measu(eo]

the propagation time and hence the group velocity of a singl
electromagnetic wave packet tunneling through a 1-DPC. On

21]

again, it is observed that the tunneling pulse, while preserving2]
its overall shape, travels faster than the companion wave packet

traversing the same distance in air (vacuum). Furthermore, witﬂ3

recent interests in media having a negative index of refraction,
and the confusion surrounding the existence and the meaniréf!
of negative group velocity in such materials, this subject is con-
sidered in some detail. In light of the unorthodox nature of thez2s)
superluminal behavior, the relation between the observed phe-
nomenon and the requirements of Einstein causality is investj,g
gated. It is shown that under all circumstances the “front” ve-

locity is exactly luminal, and there are no inconsistencies with

the requirements of causality. (271
[28]
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