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Long-range superluminal pulse propagation in a coaxial photonic crystal
Alain Hachéa) and Louis Poirier
Département de Physique et d’Astronomie, Universite´ de Moncton, Moncton, New Brunswick,
Canada E1A 3E9

~Received 4 September 2001; accepted for publication 31 October 2001!

We study the propagation of brief electric pulses along a coaxial line having a spatially periodic
impedance. The periodicity causes anomalous dispersion and the appearance of a stop band in
transmission near 10 MHz. Group velocities of up to three times the speed of light are observed in
that spectral region, in accordance with calculations based on an effective index theory. ©2002
American Institute of Physics.@DOI: 10.1063/1.1432760#
i-

en
in

en

t

os
n

pe
n
ly

rg
—
ic

a

he
r
a

ts
n

o
id
th
d
s

le
e
o

d
ed

f
at
pe

su-

ral

-

he
ing

nd
ap,

he

ted
ex
the
the
al
e

ho-
ion
Anomalous dispersion is known to allow group veloc
ties for electromagnetic waves that exceedc, the speed of
light in free space.1 Such superluminal effects have be
demonstrated in a number of optical experiments involv
the tunneling of wave packets through resonant media2–5 and
optical barriers.6–8 Important experiments have also be
carried out in the microwave spectral region.9–12 Recently,
special types of interfering Bessel beams were found
propagate at speeds slightly greater thanc.13 A great deal of
interest was generated in the scientific community over th
results, as light was shed over the much-debated questio
quantum and optical tunneling times. So far, however, su
luminal effects have been either relatively modest in mag
tude or limited to short range. In this letter, we report high
superluminal pulse propagation over distances much la
than ever observed before in a simple, wirelike structure
coaxial line with periodic impedance, or coaxial photon
crystal.14,15

Coaxial photonic crystals were recently introduced
macroscopic models for optical photonic crystals~PC’s!, to
which they constitute an attractive alternative because
their macroscopic dimensions and added flexibility: t
phase and amplitude of the electric field can be measu
anywhere inside and outside the structure. Although they
limited to one dimension and void of polarization effec
their properties are also described by Maxwell’s equatio
and some linear14 and nonlinear15 properties similar to those
encountered in optical PC’s have been reported. The m
notable feature of coaxial PC’s is the existence of a forb
den gap of transmission at relatively low frequencies. In
optical case, stop bands are the result of reflections cause
an abrupt variation in the refractive index; in coaxial line
they originate from an impedance mismatch. When the e
tric signal traverses an impedance boundary, it experienc
phase shift and a partial reflection that are calculated fr
the generalized optical Fresnel coefficients of reflectionr and
transmissiont, namely r 5(zi2zt)/(zi1zt) and t52zi /(zi

1zt), wherezi andzt are the impedance of the incident an
transmitted media. Thus, a periodic variation in the imp
ance of a medium can produce destructive interference
some wavelengths. As a result, the phase accumul
through the crystal changes rapidly with frequency, es
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cially near the band gap, and anomalous dispersion and
perluminal group velocity may occur.

The coaxial crystal used in this study consists of seve
unit cells, each made of two segments, one with 50V ~RG-
58/U! and one with 75V ~RG-59/U! impedance. Each seg
ment is characterized by the same phase velocity~0.66c! and
length~5 m!. As a result of impedance mismatch, 20% of t
electric field is reflected at each interface. After assembl
12 unit cells in a row~120 m in total!, the transmission
spectrum plotted in Fig. 1 is obtained. A deep stop ba
occurs between 9 and 11 MHz, whereas outside the g
transmission is mostly limited by the attenuation in t
cables~25–35 dB/km!.

To calculate the dispersive properties and expec
group velocity of the structure, we use the effective ind
theory discussed in Refs. 16 and 17. The theory attributes
phase shift and scattering loss of the electric field through
crystal to an effective complex index of refraction. The re
part of the index, ornr , is obtained from the overall phas
shift f accumulated through the crystal of lengthD:

nr5
cf

vD
~1!

FIG. 1. Transmission coefficient of the electric field through a coaxial p
tonic crystal with 12 unit cells. The solid line is the expected transmiss
based on measured system parameters~no adjustments made!.
© 2002 American Institute of Physics
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with

f5arctanS Im~ t !

Re~ t ! D1mp, m50,1,... , ~2!

where v is the frequency,t is the complex coefficient o
electric field transmission through the whole crystal, andm is
unambiguously determined from the condition thatm50 as
D or v tend to zero. The group velocity is derived fromnr

and is plotted in Fig. 2. Dispersion is fairly flat outside t
band gap region, but the steep change in the effective ref
tive index predicts superluminal group velocities betwee
and 11 MHz.

The propagation velocity was determined by measur
the transit time of electric pulses along the coaxial crysta
sinusoidal carrier wave with a Gaussian-shaped pulse e
lope was launched in the structure using a programma
digital wave generator~HP 33120A!. For carrier frequencies
ranging from 5 to 15 MHz, the pulse duration was sca
from 6 to 2ms, thereby keeping the number of cycles with
the envelope constant at 30 while varying the bandwi
from 0.15 to 0.45 MHz. Figure 3 shows a typical trace f
the emitted and transmitted pulses as measured with a

FIG. 2. Dispersion relation of the coaxial crystal calculated from the eff
tive index theory. The dashed line is the real part of the effective refrac
index and the solid line is the expected group velocity.

FIG. 3. Trace of a propagating pulse. Curve~a! is the emitted pulse at 10.8
MHz while curve~b! is the transmitted pulse~not plotted to scale vertically!.
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channel digital oscilloscope~Tektronix TDS 210!. Because
of noise, especially at frequencies inside the band gap, w
transmission is weak, the transit time through the crystal w
not determined from the absolute peak of each pulse
from their center of mass. This statistical-weighting approa
gives a more accurate description of the pulse delay an
less vulnerable to local fluctuations. Several measurem
were taken at each frequency, the results being plotted in
4. Outside the stop band, the group velocity remains su
minal and close to the phase velocity. However, betwee
and 11 MHz, it increases dramatically to between 2 a
3.5 c. The experimental error can be appreciated from
vertical dispersion of the data points, which tend to spre
evenly around the theoretical curve. In the band gap reg
where much of the signal is reflected back to the emitter,
uncertainty is of the order of60.5 c, but it is much smaller
elsewhere~60.05 c!. We should emphasize that there a
other techniques available to determine the relative time
lay, such as fitting the pulse to a Gaussian envelope, ca
lating its intensity, or even measuring the center of the pu
by eye, but they were found to give sensibly the same res

As in the case of analogous optical experiments,6,7 this
highly superluminal group velocity can be understood as
interference effect between spectral components of the pu
In the highly dispersive band gap region, frequency com
nents tend to interfere destructively in the tail of the pu
and be reflected backward. This effectively shifts the peak
the transmitted pulse forward in space. Although superlu
nal pulse propagation appears to violate the principle of c
sality, the issue is mostly a matter of definition. Group v
locity, defined as the traveling speed of the peak or cente
gravity of the pulse, can indeed exceedc or become
negative.18 However, since the transmitted energy is at
times smaller than that of an equivalent pulse travel
through free space, no useful information can be sent at
perluminal speed.19,20

An interesting issue is the theoretical limitations to t
transmission of superluminal pulses. As our results and R
16 suggest, group velocity is inversely related to transm
tance, so faster traveling speed is obtained at the expen
transmitted energy. On the other hand, multiple scattering
the electric field causesutu to scale as exp(2aD), wherea is

-
eFIG. 4. Measured group velocity for Gaussian pulses travelling through
coaxial photonic crystal. The solid line is the theoretical calculation.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



in
ti

al
on
id
b
e
is
of
te
na
id
e
m
le

e
m
e
ul
n
a
n
on
b
ed
h

ap

ial
use-

hys.

.

.

,

520 Appl. Phys. Lett., Vol. 80, No. 3, 21 January 2002 A. Haché and L. Poirier
an effective attenuation coefficient related to scatter
losses. The pulse transit time, in the absence of absorp
~which tends to slow down the group velocity!, is propor-
tional toD exp(2aD) and therefore vanishes for long cryst
lengths. However, the pulse spectral width is a limitati
whenever it becomes comparable to the photonic bandw
of the crystal. Pulses that are too short in duration tend to
highly distorted at the exit, something we have observ
both experimentally and with numerical simulations. Th
effect relates to the previous point: The ideal bit
information—a delta function, a very short pulse or a s
function—is not expected to propagate at superlumi
speeds in the crystal because of its excessive spectral w

This very first demonstration of superluminal group v
locity in a wirelike structure over distances exceeding 100
opens the door to interesting possibilities. For examp
highly accurate experiments to measure the tunneling tim
wave packets through barriers could be carried out. Fro
technological point of view, coaxial lines still being at th
basis of a large part of communications systems, faster p
propagation could lead to improvements in the rate of tra
mission of information. The unique dispersion relation m
allow for pulse propagation with minimal temporal broade
ing at some frequencies. Also, the signal velocity inside c
ventional, homogeneous coaxial cables is mostly limited
the phase velocity. By using cables with a modulated imp
ance and sending pulses near the photonic band edge, w
the crystal is still fairly transparent, data bits speeds
proachingc may be foreseeable.
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