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Abstract—We have simulated and constructed a one-di-
mensional metamaterial composed of a periodically loaded
transmission line that exhibits both negative and positive group
velocities in a band of effective negative index of refraction. The
negative group velocity or, equivalently, the negative group delay,
is demonstrated theoretically and experimentally in the time
domain using modulated Gaussian pulses. Due to this negative
delay, we can show an output pulse peak emerging from the loaded
transmission line prior to the input peak entering the line, i.e., the
output pulse precedes the input pulse. The fact that this surprising
behavior does not violate the requirements of relativistic causality
is illustrated with time-domain simulations, which show that
discontinuities in the pulse waveforms are traveling at exactly
the speed of light in vacuum. The pulse-reshaping mechanism
underlying this behavior is also illustrated using time-domain
simulations.

Index Terms—Anomalous dispersion, coplanar waveguide
(CPW), metamaterials, negative group delay (NGD), negative
group velocity (NGV), negative refractive index (NRI).

I. INTRODUCTION

N RECENT years, there has been a great deal of interest
in artificial materials that have an effective negative refrac-
tive index (NRI). These media, also referred to as “left-handed”
metamaterials, have properties not found in naturally occurring
materials.
It is generally agreed that the phase velocity of an electro-
magnetic wave in these media is negative according to

Up = — (1)

where c is the speed of light in vacuum and n (n < 0) is the
index of refraction. However, there has been some confusion
regarding the sign of the group velocity, which is given by!

c

Ug = —dn (2)
n(w) + w (%)
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lEquation (2) assumes matched media, i.e., interface effects are neglected.
However, these generally small effects are included in our analysis unless oth-
erwise indicated.

It was initially stated that left handedness was equivalent to
having a negative group velocity (NGV) [1], and that an NGV
is a necessary characteristic of left-handed metamaterials [2].
Additional conflicting assertions regarding the existence of an
NGV in left-handed media can be found in [3] and [4]. Nev-
ertheless, more careful examination has shown that both the
thin-wire split-ring resonator structure of [3] and the L-Cloaded
transmission-line grid of [5] and [6] support negative phase, but
positive group velocities in the frequency bands originally con-
sidered [7], [8].

The confusion discussed above should not lead us to believe
that NGVs do not exist at all, in either negative or positive index
media. In the pioneering theoretical work of Garrett and Mc-
Cumber [9], as well as in more recent theoretical and experi-
mental studies [10]-[13], it has been shown that superluminal
group velocities (i.e., faster than the speed of light in vacuum c)
and NGVs exist, and can be measured.

Superluminal group velocities and NGVs, collectively de-
scribed as abnormal group velocities, have been experimentally
observed in regions of anomalous dispersion in positive index
media, and in structures such as photonic crystals, side-by-side
prisms, undersized waveguides, resonant circuits, etc. [10],
[14]-[18]. Despite an early and somewhat persistent misin-
terpretation of these experimental results, abnormal velocities
do not contradict the requirements of relativistic causality
[13], [19]. In fact, it has been shown that negative and super-
luminal group velocities are the natural consequence of the
Kramers—Kronig relations, which, in and of themselves, define
linear and causal system behavior [12]. From a theoretical
point-of-view, information never travels faster than c in the
experiments cited above since group velocity and information
velocity are not identical under all circumstances.

Group delay, a concept closely related to group velocity, pro-
vides a convenient way to describe the velocity of propagation of
electromagnetic wave packets. For a well-behaved wave packet,
the group delay is the time delay the pulse envelope experiences
as it travels through a medium of length L. This delay is related
to the group velocity according to

Tg = vg' 3)
Group delay is also related to the frequency derivative of the
transmission phase /7T (w) as follows:
3 alaT(w) . @
w
Definition (4) is more versatile since it applies both to media
with a large spatial extent (. > ) and to lumped-element

Ty =
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Fig. 1. Unit cell of the PLTL that exhibits the NRI and NGD. Typical

component values are shown: Z, is the characteristic impedance of the
transmission line.

configurations where the device size is much smaller than the
operating wavelength (L < ).

Under normal circumstances, the group delay is positive, im-
plying that the peak and, hence, the envelope, of the output
pulse is delayed with respect to the input peak. On the other
hand, when there is a negative group delay (NGD), the peak of
the output pulse is advanced, i.e., it precedes the input peak.
Causality is not violated by this counterintuitive behavior since
there is no causal connection between the input and output peaks
[20].

In light of the confusion surrounding NGVs in metamate-
rials [1]-[4], we may ask whether it is possible to design a
left-handed medium that exhibits negative phase velocities
and NGVs in the same frequency band. In this paper, we
describe the time-domain behavior of such a medium, a
one-dimensional (1-D) loaded transmission line that supports
both positive group velocities and NGVs within the NRI band.
The frequency-domain characteristics of this device, including
the dispersion relationship and Ss;-parameters, have been
previously discussed in detail in [21]. Section II presents
new time-domain simulations, and Section III presents the
corresponding time-domain measurements. Final thoughts and
remarks can be found in Section IV.

II. TIME-DOMAIN SIMULATIONS

Fig. 1 shows the loading elements for a 1-D transmission line
supporting an NGV in the NRI band. The negative effective
index is due to the series capacitor and shunt inductor [5], [6],
and the NGV is due to the anomalous dispersion band produced
by the RLC resonator. With an appropriate choice of component
values, the NGD and, thus, the NGV, can occur within the NRI
band.

A. NGD

In order to simulate the time-domain behavior, three loaded
coplanar waveguide (CPW) transmission lines with unit cells
depicted in Fig. 1 were considered. The total lengths of the lines
were 2, 4, and 6 cm with 1-3 unit cells, respectively. The trans-
mission lines were excited with Gaussian pulses of temporal
length 30 ns, modulated at the resonance frequency of the se-
ries RLC loading element, 1.3 GHz. The components used in the
simulation were assumed to be ideal. Substrate and conductor
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Fig. 2. Time-domain simulations showing the NGD for the 2-, 4-, and
6-cm transmission lines with delays of —0.89 ns, —1.17 ns, and —1.53 ns,
respectively.

losses due to the waveguide were taken into account; the nu-
merical values used for the loss tangent, dielectric constant, and
conductor thickness were obtained from the Rogers 5880 spec-
ifications with a conductor thickness of 17 pm.

These simulations were performed using Agilent Technolo-
gies’ Advanced Design System (ADS). ADS calculates the
signal exiting any distributed structure by convolving the input
time-domain signal with the calculated impulse response of
the structure. For any element with an exact lumped equivalent
model—e.g., a resistor, capacitor, or inductor—ADS calculates
the output signal entirely in the time domain without using an
impulse response [22].

Fig. 2 shows the calculated voltage waveforms at the input
and output of the loaded lines. The peaks of all three output
pulses precede the input peaks by an amount proportional to
the length of the line. In other words, since the longer lines
have more unit cells, they generate a greater NGD. This neg-
ative delay is mostly due to the series RLC resonator and, thus,
resonant absorption losses are also introduced, as indicated by
the drop in magnitude of the output voltage waveforms. For ex-
ample, in the case of the 2-cm transmission line, a negative delay
of —0.89 ns is predicted, while the output voltage peak is ap-
proximately 15% of the input. Note that some of the predicted
losses are due to mismatched impedances between the loaded
transmission-line section (150 €2) and the source (50 €2).

B. Luminal Front Velocity

Fig. 2 shows that the pulse peak and, hence, the pulse enve-
lope, suffers a negative delay. Thus, the pulse propagates with
an NGV. Contrary to the traditional point-of-view, negative and
superluminal group velocities are, therefore, physical and mea-
surable, and do not contradict the requirements of relativistic
causality.

Every causal signal has a starting point in time before which
the signal was nonexistent. This starting point is marked by a
discontinuity in the pulse envelope or in higher order derivatives
of the envelope, at which point the pulse is no longer analytic.
These points of nonanalyticity are the conveyers of genuine in-
formation; they can be shown to propagate at exactly ¢ [13],
[19], [23], and thereby fulfill the conditions of causality.
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Fig. 3. Modulated pulse fronts from time-domain simulations, plotted on a

logarithmic (decibel) scale. The input pulse front always precedes the output
front by a time equal to L /¢, where L is the length of the line.

The propagation of these discontinuities can be examined
using time-domain simulations. The discontinuities in the pulse
waveform were established by introducing a “turning-on” point,
commonly referred to as the pulse “front.” The propagation of
the front through the NRI-NGV loaded transmission lines of
different lengths can be seen by examining the first 0.3 ns of
propagation, shown on a logarithmic scale in Fig. 3. The output
pulse fronts for the three circuits all suffer the expected positive
luminal delay with respect to the input fronts, given by L/c,
where L is the length of the transmission line. Thus, the simu-
lations show that causality is preserved since the discontinuities
in the pulse travel at exactly the speed of light in vacuum.

While the simulations indicate the causal propagation of in-
formation in the points of nonanalyticity, the amplitudes associ-
ated with these fronts are particularly small, making their exper-
imental detection a challenging task. This difficulty is the reason
that the “signal” we detect practically is not the pulse front, but
the maximum or half-maximum of the pulse envelope, which, in
turn, can be made to propagate superluminally or with negative
velocities.

C. Physical Mechanism Underlying NGD

The mechanism behind the pulse advancement can be ex-
plained in terms of pulse reshaping [24]. Using MATLAB, we
can study the time evolution of a pulse by considering the spatio-
temporal voltage distributions of its individual Fourier compo-
nents. The system under study, shown schematically in Fig. 4,
consists of two sections of a regular transmission line occupying
the regions z < 0 and z > a, surrounding a periodically loaded
transmission-line (PLTL) section of length a. The PLTL is as-
sumed to be a transmission line of length 2 cm, having a disper-
sive behavior determined by the dispersion relation [21, eq. (6)],
and operated within the anomalous dispersion band, i.e., the
PLTL exhibits both NRI and NGV properties.

Consider a modulated Gaussian pulse with center frequency
in the anomalous dispersion band, excited on the z < 0 trans-
mission-line segment. By Fourier analysis, this waveform can
be decomposed into many single-frequency sinusoidal compo-
nents. The peak of the pulse is formed at the position where
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Fig. 4. Schematic diagram of the transmission-line setup used for the
simulations that explain the mechanism behind the NGD. The loaded
transmission line section exhibits NRI and NGV properties.

these individual frequency components interfere constructively,
and the nulls of the pulse are formed where these components
interfere destructively.

The space- and time-dependent voltage distribution V,,(z, t)
for the nth spectral component of the Gaussian pulse is given by

Vo(z,t)
G, cos(wpt — ky2), 2<0
=< Gpe % cos(wpt—Fnz), 0<z<a

G,he % cos (wnt—kn [Z—a]—ﬂna) zZ > a.

&)

?

Here, w,, and G,, are the frequency and amplitude of the nth har-
monic, and k,, is the propagation constant on the regular trans-
mission line in the regions z < 0 and 2 > a. In the PLTL sec-
tion 0 < z < a, the propagation and attenuation constants of
the nth harmonic are (3,, and «,, respectively, calculated from
the dispersion relation [21, eq. (6)]. Note that, according to (5),
the peak of the pulse strikes the interface z = 0 at ¢t = 0.

Fig. 5(a) displays three spectral components of a Gaussian
pulse with frequencies in the anomalous dispersion band at the
instant { = —13 ns calculated from (5). In addition to the un-
derlying harmonics, Fig. 5(a) also displays the pulse envelope
so that the peak location can be clearly identified. It is clear from
this figure that the frequency components add up in phase and a
peak is formed in the z < 0 section of the transmission line.

As time progresses, the pulse propagates along the transmis-
sion line and the early part of the pulse encounters the PLTL
section. By virtue of the phase compensation caused by the
anomalous dispersion, the NGD transmission line rearranges the
relative phases of the individual frequency components. Since
the phase response of the NGD line is approximately linear and
the magnitude response is approximately flat over the band-
width of the Gaussian pulse, the frequency components add up
to produce a close copy of the original pulse in the region of
z > a. This output pulse appears at £ = —0.5 ns before the
input peak reaches the first interface, as shown in Fig. 5(b). Note
that the output pulse amplitude is reduced in magnitude relative
to the input pulse, though the envelope retains its basic shape.
Thus, Fig. 5(b) shows that the peak of the output pulse appears
at the output terminal 0.5 ns before the input peak reaches the
input terminal.

Note that the effects of reflections from the interfaces in
these simulations have been ignored. These reflections produce
standing waves in the 0 < z < a section and, thus, cause a
further reduction in the transmitted pulse amplitude; however,
they do not affect the location of the pulse peaks.
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Simulations illustrating the pulse-reshaping mechanism underlying the NGD. (a) Three frequency components of the Gaussian pulse and the resulting

pulse envelope 13 ns before the input peak reaches the loaded transmission line interface. (b) Same three frequency components 0.5 ns before the input peak reaches

the interface; at this point, a peak has already formed at the output.

Fig. 6. Three-stage device. All components are commercially available and
were surface-mounted manually. The board is Rogers 5880 with a substrate
thickness of 0.381 mm, a relative permittivity of 2.2, a loss tangent of 0.0009,
and volume and surface resistivities of 2 X 107 M(2 - cm and 3 x10% M2,
respectively. The copper cladding thickness is 17 p#m. The center conductor of
the waveguide has a width of 4 mm and the slots have a width of 5 mm.

III. TIME-DOMAIN EXPERIMENTAL RESULTS

To verify our theoretical predictions and simulation results, a
CPW was printed on a 15-mil (0.381 mm) Rogers 5880 sub-
strate with a dielectric constant of 2.2 and a loss tangent of
0.0009. The CPW line was periodically loaded manually with
1.5 mm x 0.5 mm commercially available surface-mount chips,
such that one unit cell was approximately 2-cm long, and trans-
mission lines loaded with 1-3 unit cells were built. The self-res-
onances of the inductors and capacitors are above the operating
frequencies considered. A photograph of the device is shown in
Fig. 6.

The group-delay measurement setup is shown schematically
in Fig. 7. A baseband Gaussian pulse of temporal width 40 ns
was created with a Tektronix AWG2041 arbitrary waveform
generator (ARB), and modulated with a Rohde & Schwartz
SMVO03 vector signal generator at frequencies between
1.1-1.5 GHz. The modulated signal was then dividedby a 1 x 2
splitter. Any discrepancy in length between the two cables
joining the splitter to the oscilloscope will introduce an inherent
delay between the two paths, thereby affecting the accuracy of
the final group-delay measurements. Therefore, both outputs of
the splitter were initially connected to channels 1 and 3 of the
Agilent 54846 Infiniium oscilloscope (bandwidth 2.25 GHz)
for a calibration measurement. The delay was measured on the

%‘1 X2
Vector Signal
Generator
ARB
| CPW
trigger
Oscilloscope
"Input"
Cch1
ch3 "Output"

Fig. 7. Schematic diagram of the experimental setup for measuring the NGD
in the time domain.

Infiniium scope and electronically equalized to 0 + 0.1 ns using
the oscilloscope internal functions. After this calibration step,
the CPW was inserted into the channel 3 cable, as indicated in
Fig. 7. In this way, both the input and output signal of the PLTL
were simultaneously recorded on the oscilloscope.

Fig. 8(a) shows the behavior of the three-stage loaded
transmission line operated at 1.11 GHz in the band of positive
group delay, i.e., away from the anomalous dispersion band.
For this case, a positive group delay of approximately +1.5 ns,
due to propagation along the 6-cm line, was observed. Under
normal conditions, therefore, the peak of the output pulse
appears at a later time than the peak of the input pulse. In
contrast, Fig. 8(b) shows the input and output pulses when the
PLTL is operated within the anomalous dispersion band at the
resonance frequency of 1.27 GHz, where an NGD of —3.1 ns
was measured. Note that, in Fig. 8(b), the output peak precedes
the input peak; this unusual outcome is the meaning of the
NGD.

Fig. 9 shows the measured input pulse (solid curve) and
output pulses (dashed curves) at the point of the maximum
NGD, approximately 1.27 GHz, for the one— to three-stage
circuits. For clarity, only the pulse envelopes are shown. These
curves are the experimental validation of Fig. 2. The envelopes
were obtained from the raw data by fitting a three-parameter
Gaussian curve to the extracted envelopes. The peak arrival
times were acquired from the Gaussian fit parameters to
within +0.2 ns. At the RLC resonance frequency, the one-
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Time-domain experimental results for the three-stage negative delay circuit at two frequencies. (a) Positive delay at a center frequency of 1.11 GHz,

160 MHz below resonance. (b) —3.1-ns group delay at the resonance frequency, 1.27 GHz.
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Fig. 9. Experimental results showing extracted pulse envelopes for the one-
to three-stage transmission lines with delays of —1.6, —1.9, and —3.1 ns,
respectively.

to three-stage circuits exhibit group delays of —1.6, —1.9,
and —3.1 ns, respectively. Note that, as expected, the greatest
negative delay and greatest attenuation are found for the
longest transmission line, and the least negative delay and least
attenuation for the shortest line.

Comparing Figs. 2 and 9, there is some discrepancy between
the values of the simulated and experimentally determined neg-
ative delays. The trend that longer lines have greater negative
delay and greater insertion loss is common to both simulation
and experiment; however, there is generally less attenuation and
more pulse advancement in the experiments. These discrepan-
cies are due to the differences between the components used
in simulation and those in the actual devices. First, nominal
values for the components were used in the simulations. In prac-
tice, however, the components have tolerances of £5%. By in-
cluding these tolerances in our simulations, we found that the
discrepancies between the measured and calculated group delay
can be reduced by half. The group delay is particularly sen-
sitive to changes in the resistor or capacitor in the RLC res-
onator, and variation in these component values will affect the
slope of the transmission phase, thus altering the amount of

the NGD. Secondly, and more importantly, the simulations use
ideal component models and, thus, the self-resonant behavior
of the capacitors and inductors was not included. In practice,
the self-resonances can change the overall impedance of the
RLC resonator, affecting the operating frequency, decreasing
the attenuation through the device, and increasing the NGD.
These two effects may be included in the simulations if mea-
sured S-parameters are used for each component, a tedious, but
effective method of improving the agreement between experi-
ment and simulation.

IV. CONCLUSION

We have presented a 1-D PLTL that not only demonstrates
a negative index of refraction in a band of frequencies, but also
exhibits NGDs or positive group delays and, thus, NGV or pos-
itive group velocities, within this same band. These interesting
properties have been previously shown in theory and experiment
in the frequency domain [21]. We have now demonstrated them
directly in the time domain. Using a Gaussian waveform modu-
lated at approximately 1.3 GHz, the peak of the output pulse has
been shown to exit the loaded transmission line before the input
peak enters, with an experimentally observed negative delay of
—3.1 ns. The time-domain simulations were also used to show
that relativistic causality is not violated by this counterintuitive
behavior since the pulse fronts always experience a positive and
exactly luminal delay. Furthermore, an underlying mechanism
for the NGD, based on the idea of pulse reshaping, was proposed
and illustrated using the time-domain simulations. This NRI and
NGD line may find applications in the dispersion management
of high-speed digital interconnects.
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