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Tailoring Double-Negative Metamaterial Responses
to Achieve Anomalous Propagation Effects

Along Microstrip Transmission Lines
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Abstract—The design of a double-negative metamaterial
loaded microstrip transmission line (DNG MTM-TL) to tailor
the propagation characteristics at - and -band frequencies is
presented. Guided-wave propagation along this DNG MTM-TL
was studied numerically. The scattering parameters of the DNG
MTM-TL were obtained with Ansoft’s High Frequency Structure
Simulator. A two-port network realization of the DNG MTM-TL
is established. The effective permittivity and permeability for the
DNG MTM-TL is extracted using this two-port network represen-
tation. It is shown that both a negative permittivity and a negative
permeability and, hence, a negative index of refraction exist in the
design frequency range. These material parameters are dispersive
and conform to a two-time derivative Lorentz material model type
of resonance behavior. This form of the index of refraction may be
very suitable for applications dealing with phase and dispersion
compensation along a microstrip transmission line.

Index Terms—Artificial dielectrics, backward waves, dispersion,
metamaterials (MTMs), propagation, transmission lines.

I. INTRODUCTION

I N RECENT years, there has been a renewed interest in
using sub-wavelength structures to develop materials that

mimic known material responses or that qualitatively have new
response functions that do not occur in nature. These efforts
include the realization of double-negative (DNG) materials,
i.e., materials with both negative permittivity and negative
permeability [1]–[4]. The transmission properties in such
metamaterials (MTMs) have been studied by several groups,
e.g., [5]–[10]. These MTMs are typically realized artificially
as composite structures that are constructed from arrays of
metallic inclusions in dielectric substrates. As discussed, e.g., in
[11] and [12], they exhibit unusual scattering and propagation
properties within a particular frequency range. For instance,
in contrast to a double-positive (DPS) medium, i.e., a normal
medium that has both positive permittivity and permeability,
the wavenumber in a DNG material is opposite to, rather
that parallel to, the Poynting’s vector associated with a plane
wave propagating in it. Thus, the Poynting’s vector is parallel
to, and the wavenumber is antiparallel to, the direction of
causal power flow [5]. Fig. 1(a) shows the “right-handed” wave
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Fig. 1. Wave properties in: (a) DPS and (b) DNG mediums.

propagation behavior in a DPS medium and Fig. 1(b) shows the
so-called “left-handed” wave propagation behavior in a DNG
medium. Several experimental verifications of the existence of
the DNG MTMs have been reported [13]–[15].

In this paper, we describe our study of the performance
of microstrip transmission lines loaded with DNG MTMs
formed by embedding capacitively loaded strips (CLSs) and
capacitively loaded loops (CLLs) in the substrate region. It has
been demonstrated numerically that a suitable arrangement of
these components in Roger’s 5880 Duroid produces
a negative index of refraction in both the -band (2–4 GHz)
and -band (4–8 GHz). This double-negative MTM loaded
microstrip transmission line (DNG MTM-TL) problem will be
reviewed in detail. Simulations of this complex guided-wave
environment were performed with Ansoft’s High Frequency
Structure Simulator (HFSS). These results were used to char-
acterize the -parameter performance of this DNG MTM-TL
configuration. It will be shown that a matched MTM can be
obtained that yields complete transmission in both the - and

-bands. Furthermore, it will be shown that a two-port network
model can be used to extract the effective permittivity and
permeability in that regime. Extracted values will be shown
that yield DNG values in the matching region and, hence, that
produce a negative index of refraction there. The corresponding
group and phase velocities are also obtained. The property of
interest to the microstrip transmission-line application involves
the possibility that the wave impedance in the DNG MTM
could be matched to the intrinsic impedance of the transmission
line and, due to their dispersive nature, can then be used
to achieve nonstandard propagation characteristics along it.
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Fig. 2. CLS unit cell (units = mil).

Fig. 3. CLL unit cell (units = mil).

Potential applications to modify the shape of signals propa-
gating along these DNG MTM-TLs will be discussed briefly.

II. MTM DESIGN

The DNG MTM components are derived from those success-
fully tested in [15]. There, an integrated set of negative per-
mittivity (CLS) and negative permeability [split ring resonator
(SRR)] elements were used to obtain a negative index of a re-
fraction block that was matched to free space at the -band.
The MTM elements considered here consist of a pair of CLSs
and a pair of oppositely oriented CLLs. These CLLs behave
similarly to the SRRs, but greatly simplify fabrication issues.
These elements are embedded in a lossless dielectric character-
ized by the parameters and corresponding
to Roger’s 5880 Duroid material. The basic CLS and CLL unit
cells are shown in Figs. 2 and 3, respectively. Both unit cells
have a total height (distance orthogonal to the ground plane) of
160 mil ( mil in m) and a depth of 310 mil.
The height of both the CLS and CLL elements was 150 mil,
leaving a 5.0-mil gap between the tops and bottoms of these el-
ements and the ground plane and microstrip trace. The sizes of
the CLSs and CLLs were determined to provide interesting re-
sponses in the 3–5-GHz frequency regime. These results could
be scaled to higher or lower frequencies based upon the size of
these elements.

The electric field of the microstrip transmission line is inci-
dent parallel to the strips along the -axis and the corresponding
magnetic field is normal to the loops along the -axis. The di-
rection of propagation is along the -axis; the direction of the
capacitor legs coincides with the -axis. The CLLs in each pair
are oppositely oriented to create a MTM element that, like the
CLS pair, is reciprocal for a wave propagating from the positive
or negative -directions. The top view of the integrated DNG
MTM block is shown in Fig. 4. The DNG MTM block contains
one CLL unit cell and two CLS unit cells with a 10-mil spacing
between them. In addition, a 5-mil spacing is used between each

Fig. 4. Top view of the unit MTM block (units = mil).

Fig. 5. Side view of the designed MTM-loaded TL (units = mil).

Fig. 6. Top view of the designed MTM-loaded TL (units = mil).

CLS pair and the outer edges of the block. Therefore, the di-
mensions of a unit DNG MTM block are 150 mil 30 mil
310 mil.

III. HFSS SIMULATION RESULTS

A. Simulation Setup

To tailor the DNG responses along a microstrip transmission
line using HFSS, the geometry shown in Figs. 5 and 6 was cre-
ated. It led to the simulation space shown in Fig. 7 whose size
was 2000 mil 6000 mil 1100 mil. A 50- microstrip trans-
mission line was designed whose trace width and length were,
respectively, 508 and 1100 mil for the assumed height of 160 mil
of the substrate ( and ). Since the -width of
a single DNG MTM block was 30 mil, this allowed a total of 16
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Fig. 7. Three-dimensional view of the HFSS setup for the MTM-loaded TL
simulations.

DNG MTM blocks to be placed under the transmission line. The
DNG MTM blocks were aligned to be in the center of the geom-
etry (dotted line in Fig. 6). Therefore, there were 14 mil of space
from both edges of the transmission line that did not have DNG
MTM under it. The trace length over the DNG MTM block co-
incided with its length of 310 mil. The entire set of DNG MTM
blocks was placed 395 mil from both ports. Thus, the input and
output transmission-line lengths were also 395 mil. This dis-
tance was sufficient to prevent coupling between any evanescent
waves from the edges of the DNG MTM region and ports.

Ports were placed at both -boundaries. It is important to
point out that the size of each port was selected to be large
enough to obtain accurate results in HFSS. In particular, the
size of the ports were set to 1600 mil in height and 5080 mil
in width, i.e., 10 larger than the transmission line height and
width. A port impedance line was applied to define the voltage
at the port and a port calibration line was applied to remove a
possible 180 phase ambiguity. Thus, consistent phases for
and were obtained. The -parameter results were finally
deembedded 395 mil from each port to the front and back faces
of the DNG MTM block.

The transmission line, ground plane, CLSs, and CLLs were
assumed to be perfect conductors. Air was assumed to be
present above the substrate. Radiation boundaries were used on
the - -, - -, - -, and - -planes. Due to the
symmetry of the problem, a vertical symmetry -plane was
inserted on the - -plane shown in Fig. 6. Consequently,
only half of the DNG MTM-TL structure was actually simu-
lated. The number of tetrahedral required to achieve the
convergence criterion of 0.001 was 99 603. A 10-GHz single
frequency was used to established the mesh. The frequency
behavior associated with the simulation was obtained as a fast
sweep to obtain 5000 frequency points from 2 to 5 GHz.

B. HFSS Calculated DNG MTM-TL Results

Due to the guided wave nature of the source, the -param-
eters were normalized to remove any dependencies on the
impedance of the input/output microstrip lines. The 2 2
scattering -matrix was obtained from HFSS for the entire
structure for the indicated set of frequencies. The results were

Fig. 8. Magnitudes of the normalized and deembedded S-parameters.

Fig. 9. Phases of the normalized and deembedded S-parameters.

then deembedded to the surfaces of the DNG MTM block. The
characteristic impedance of each port at every frequency point
was obtained and used to construct the normalized -matrix.
Due to the size of the MTM block and overall guiding structure,
as well as the complicated shape of the scatterers (i.e., the
inclusions), higher order propagating and evanescent modes
may be present. All modes were taken into account in the HFSS
simulations.

The resulting deembedded and normalized magnitudes and
phases of the HFSS predicted , , , and values for
the DNG MTM-TL structure are shown in Figs. 8 and 9 from 3
to 4 GHz. A complete passband exists in the frequency region of
3.3–3.6 GHz. The overall phase of passes through 90 in the
middle of this band at 3.53 GHz. Removing either of the CLS or
the CLL elements caused a stopband in this frequency region.
This behavior was analogous to that observed in the free-space
DNG modeling and experiments [15]. Consequently, we claim
that the DNG MTM blocks are acting as a DNG medium in this
frequency region.
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Fig. 10. Two-port T-network representation of the DNG MTM-TL.

Fig. 11. Two-port network representation of the DNG MTM-TL.

IV. EXTRACTION OF THE EFFECTIVE MATERIAL PROPERTIES

To substantiate this claim, we utilize a two-port network ap-
proach to extract the effective material parameters of the DNG
MTM-TL and to study the wave propagation behavior along it.
There are many potential choices. For example, one possible
two-port network representation of the MTM loaded transmis-
sion-line section is the T-network set of impedances ( , ,
and ) shown in Fig. 10. Another choice is the lossless trans-
mission line of length representation shown in Fig. 11. It will
be shown that both provide complementary, but consistent in-
formation about the effective medium behavior of the DNG
MTM-TL.

A. Extracted Properties Using the T-Network Representation

To extract the effective material properties using a T-network
set of impedances, the deembedded and normalized -param-
eters were connected to the equivalent matrix via the
standard expressions [16]. The resulting matrix was
used to calculate the impedances , , and of the two-port
network with the expressions

(1)

The magnitudes and phases of the impedances (dotted line),
(solid line), and (dashed line) are shown in Figs. 12 and

13, respectively.
It was found that the extracted impedances had large varia-

tions in their amplitudes across the frequency range. However,
the impedances , , and varied dramatically at the edges
of the passband. From the extracted phases, one can see that
the DNG MTM loaded transmission line can be represented as
a normal L–C transmission line before the DNG passband. It
switches to a C–L configuration in the DNG passband. It then
switches to a C–C type of configuration after the DNG passband

Fig. 12. Extracted magnitudes of the impedances.

Fig. 13. Extracted phases of the impedances.

where complete reflectivity is exhibited. This C–L
type of behavior has been shown in [14] to be characteristic of
a planar DNG transmission line. As expected, it was found that
propagating waves in the MTM block would exist only if both
the L and C element characteristics were present.

It was also found that the impedance at the frequency
3.53 GHz is 50 and . From the matrix
representation this means . The equiva-
lent transmission line matrix (see (2) below) then
yields at this point.
Since , this means at this point
and or, alternatively, and

. Expecting the lowest order result to
dominate, this result would indicate that the index of refraction
is negative, i.e., at this point. Further considerations
summarized in Section IV-B show that negative values of
the index occur within the DNG passband at frequencies
surrounding this point. This corresponds to the results shown in
[5], i.e., the CLS-CLL DNG MTM design creates an effective
medium that has a negative index of refraction.



2310 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 12, DECEMBER 2003

B. Extracted Properties Using the Lossless Transmission-Line
Representation

The extraction method associated with the T-network repre-
sentation illustrated in Section IV-A assumes that , , and

are independent of each other, i.e., that there is no coupling
between the impedance elements. This would not necessarily be
the best representation for the DNG MTM-TL structure shown
in Fig. 5 since that structure tightly integrates the CLS and CLL
elements into the unit cell. We feel that near the passband fre-
quency region of the DNG MTM-TL, the two-port network rep-
resentation of a lossless transmission line of length given in
Fig. 11 may be suitable. It reflects the reciprocal and symmetric
properties of the DNG MTM-TL under consideration.

The matrix of a two-port network representation of
a lossless transmission line has the following form:

(2)

where and are, respectively, the characteristic
wavenumber and impedance of the transmission line and

is its characteristic admittance. Inserting
these expressions into the matrix elements, one can
solve for the effective material properties as follows.

1) Extracted Permittivity and Permeability: Recall that
the propagation constant and the impedance are given by the
expressions

(3)

Assuming that is small, the relative permeability can
then be extracted from (2) and the matrix elements can
then be extracted by calculating the expression

(4)

By combining (3) and (4), one then obtains

(5)

Similarly, the relative permittivity can be extracted by first
calculating the expression

(6)

By combining (6) and (3), one then obtains

(7)

The values of the real and imaginary parts of were obtained
from (5) and are plotted in Fig. 14. A two-time derivative
Lorentz (2TDLM) material [15] type of resonant behavior
appears to be present near 3.52965 GHz. The amplitude of
the real and imaginary parts of were both negative just

Fig. 14. Extracted relative permeability.

Fig. 15. Extracted relative permittivity.

above this resonant frequency. The amplitude of the real part
of the relative permeability reached its most positive
value, i.e., 280.96, at 3.5296 GHz, passed through zero at
3.52965 GHz, and then reached its most negative value, i.e.,

281.22, at 3.5297 GHz. The amplitude of the imaginary
part of the relative permeability , which is negative
everywhere, reached its most negative value, i.e., 308.74, at
3.5297 GHz.

In a similar manner, the real and imaginary parts of the
resulting were obtained with (7) and are plotted in Fig. 15.
Here, we find that a 2TDLM material type of resonant be-
havior is superimposed on a background Drude behavior
near 3.52965 GHz. The amplitude of the real and imaginary
parts of were also both negative just above this resonant
frequency. The amplitude of the real part of the relative per-
mittivity reached its most positive value, i.e., 17177,
at 3.5296 GHz, passed through zero at 3.52965 GHz, and then
reached its most negative value, i.e., 17160, at 3.5297 GHz.
The amplitude of the imaginary part of the relative permittivity

, which is also always negative, reached its most
negative value, i.e., 18870, at 3.5297 GHz. We note that these
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Fig. 16. Extracted index of refraction.

extremely large values of the extracted material parameters are
due to the resonant nature of the response and to the assumption
that each component is lossless. Losses that are present in any
realization of the DNG MTM-TL will significantly broaden the
resonance and correspondingly decrease these amplitudes.

As mentioned in [15], it was expected that the CLSs would
produce the main contribution to the electric susceptibility re-
sponse and the CLLs should produce the main contribution to
the magnetic susceptibility response. We note that, from Figs. 14
and 15, the amplitude of the real and imaginary parts of were
much greater than the amplitude of the real and imaginary parts
of and, hence, the CLSs appear to have provided a stronger
effect than the CLLs did.

2) Extracted Index of Refraction: The index of refraction of
the MTM block can be obtained immediately from the extracted
values of and as

(8)

The real ( ) and imaginary ( ) parts of the index of refraction
calculated with (8) are plotted in Fig. 16. Similar to Figs. 14 and
15, a predominant 2TDLM material type of resonant behavior
is present near 3.52965 GHz. Away from the resonance, the be-
havior is a mixture of the 2TDLM and Drude responses. The am-
plitude of the real and imaginary parts of were both negative
just above this resonant frequency. The amplitude of reached
its most positive value, i.e., 2196.84, at 3.5296 GHz, passed
through zero at 3.52965 GHz, and then reached its most neg-
ative value, i.e., 2196.78, at 3.5297 GHz. The amplitude of
reached its most negative value, i.e., 2413.63, at 3.5297 GHz.
Since each of the CLS and CLL elements provides a contribu-
tion to the electric and magnetic susceptibility responses near
their resonant frequencies, the effective permittivity and perme-
ability of the complete DNG MTM were affected by the com-
bined effects of both CLS and SRR structures together. Indeed,
from Figs. 14–16, the designed DNG MTM-TL exhibited neg-
ative permittivity, negative permeability, and negative index of
refraction in the frequency region of interest.

We note that while the conduction losses in the metals were
assumed to be zero, the presence of the nonzero values at the

Fig. 17. ! � � diagram for the two-port network of the DNG MTM TL. The
amplitude of the wavenumber is normalized to 10 000.

resonance frequency corresponds to the local storage of elec-
tromagnetic energy in the MTM block. In related time-domain
calculations [15], it was found that the analogous free-space
matched DNG MTM radiated this stored energy long after the
excitation signal passed through it.

3) Extracted Diagram: Now consider the wave prop-
agation behavior along the DNG MTM-TL. A quasi-TEM plane
wave propagating in the -direction can be represented as

(9)

(10)

The corresponding time-averaged Poynting’s vector is

(11)

The wave impedance ; the propagation constant
has the form

(12)

where is the speed of light. The phase and group velocities are
expressed in their well-known forms

(13)

(14)

The dispersion diagram of the DNG MTM-TL was obtained
from (12) and is plotted in Fig. 17.

Starting from 3.51 GHz in Fig. 17, the wavenumber in-
creases rapidly and reaches its maximum value
at 3.5296 GHz. The wavenumber then decreases just as rapidly,
passing through zero at 3.52965 GHz. It reaches its minimum
value at 3.5297 GHz. Moreover, starting from
3.5297 GHz, the wavenumber again increases rapidly and goes
to zero at 3.6937 GHz. We note that the value
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Fig. 18. Magnitudes of the normalized and deembedded S-parameters.

is not small, while is small. We find that
when GHz and GHz. Thus, the approxima-
tion we used to derive the index of refraction is not very accurate
in the immediate vicinity of the resonance. Consequently, the
maximum and minimum values of the extracted parameters are
not precise. Nonetheless, the product quickly becomes
small away from the resonance region and the approximate re-
sults are valid there. Thus, the 2TDLM shape of the , ,
and curves near the resonance and their signs are believed
to be correct. Moreover, this behavior is also consistent with the
T-network representation results.

Clearly, in the frequency range of 3.51–3.52965 GHz, both the
phase and group velocities are positive. The phase velocity is
positive, corresponding to the fact that the propagation constant

and the real part of the index of refraction are positive
as well. Therefore, the wavenumber has the same direction
as the Poynting’s vector. This wave propagation behavior is
characteristic of a conventional transmission line residing over
a normal DPS medium where , , and all have the
same direction as shown previously in Fig. 1(a). In contrast, in
the frequency range 3.52965–3.6937 GHz, the phase velocity
is negative and the group velocity is positive. The fact that is
negative corresponds to negative values for both the propagation
constant and the real part of the index of refraction .
Therefore, the wavenumber has a direction opposite to that
of . This behavior was depicted previously in Fig. 1(b).
This type of backward wave behavior has also been reported
in [14], [17], and [18]. Notice that the DPS and DNG regions
are interchanged around 3.52965 GHz where the resulting
propagation constant passes through zero.

C. Dual MTM Design

We also modeled the “dual” case in which the CLSs and the
CLLs were interchanged, i.e., there were two pairs of CLLs
and only one pair of CLSs in the unit cell. It was expected that
the magnetic susceptibility would increase its amplitude in
this case. The magnitudes and phases of the HFSS-predicted

-parameter results are shown, respectively, in Figs. 18 and 19.
The magnitude of the transmission coefficient becomes unity,

Fig. 19. Phases of the normalized and deembedded S-parameters.

Fig. 20. Extracted relative permittivity.

i.e., at 3.422 and 4.31 GHz. The effective per-
mittivity and permeability were extracted using the lossless
transmission-line method. The results are shown, respectively,
in Figs. 20 and 21. Resonances in the permittivity occur at
3.4135 and 4.3053 GHz; resonances in the permeability occur
at 3.4135, 3.723, and 4.3053 GHz. The frequencies at which
the transmission coefficient becomes one corresponds to the
frequencies where the permittivity and the permeability are
both resonant. Total reflection occurred where only the perme-
ability was resonant and, hence, where very large impedance
values were exhibited by the MTM block. In fact, one finds
that and at 3.723 GHz; this means that the
MTM block acts as a perfect magnetic conductor (PMC) at that
frequency.

These results are considerably different from those obtained
with the original configuration. The -parameters, particularly
the phases, have a smoother behavior. The fact that the perme-
ability is strongly impacted by the CLLs is demonstrated by the
presence of the third resonance at 3.723 GHz while there is not
one present in the permittivity.



CHENG AND ZIOLKOWSKI: TAILORING DNG MTM RESPONSES TO ACHIEVE ANOMALOUS PROPAGATION EFFECTS ALONG MICROSTRIP TLs 2313

Fig. 21. Extracted relative permeability.

Fig. 22. Extracted index of refraction.

We believe that the differences between the configurations is
a result of the fact that although the CLSs are dominated by elec-
tric-field effects and the CLLs are dominated by magnetic-field
effects, a CLS pair forms a loop with two capacitors. Thus, the
CLSs also have nontrivial magnetic-field contributions. On the
other hand, since the CLLs are oriented in opposite directions,
their electric-field effects are mitigated at certain frequencies.
Thus, while a strong effect on the magnetic fields is still present
and is expressed in the permeability, there is little effect on the
permittivity. The presence of the third resonance in the perme-
ability and its absence in the permittivity is a direct result of this
behavior. Consequently, one observes that the presence of more
CLSs or CLLs provides more possible couplings between the in-
dividual elements responsible for the effective permittivity and
permeability and, hence, the opportunity for more complicated
behaviors in the composite structure.

The extracted index of refraction is shown in Fig. 22. Large
resonant responses occur at 3.4135 and 4.3053 GHz. The peak
values of the real part of the index are explicitly at
3.412 GHz and 65.0 at 3.414 GHz; and at 4.305 GHz

and 31.0 at 4.306 GHz. The imaginary part of the index
at 3.412 GHz and at 4.306 GHz. Thus, one

finds that the dual MTM block exhibits very low-loss unity
transmission with a negative index of refraction just above these
resonance frequencies.

Comparing the dual and original configuration results, we are
led to the conclusion that the behaviors of the CLSs and CLLs
are very tightly coupled together. Consequently, the complete
response of the MTM block can only be evaluated with both
species present in a self-consistent calculation such as those pro-
vided by HFSS.

D. Potential Applications

The ability to load a transmission line with DNG MTM-TL
segments suggests the possibility of phase compensation
through the associated negative index of refraction. Dispersion
compensation may also be possible since this negative index of
refraction is frequency dependent. These DNG MTM-TL seg-
ments may provide a means to achieve a self-annealing signal
propagation environment by carefully designing the passband
characteristics to compensate for the known dispersive nature
of the microstrip line.

We note that because the DNG MTM-TL elements are
highly resonant, their frequency-domain properties have rather
narrow bandwidths. For instance, preliminary calculations of
pulses propagated along the DNG MTM-TLs presented here,
i.e., obtaining the output pulse as the inverse Fourier transform
of the product of the input pulse’s frequency spectrum and
the DNG MTM-TLs frequency-domain transfer function

, show expected narrow-bandwidth filtering behaviors.
Nonetheless, it is anticipated that by serially staging several
DNG MTM blocks whose reflection and transmission proper-
ties have slightly shifted frequency behaviors, one would be
able to design a broad-bandwidth pulse-shaping device. This
application is currently under investigation.

We also note that the MTM blocks considered here were de-
signed specifically for straight transmission-line sections. Since
these MTM constructs are very anisotropic, they could not nec-
essarily be used directly in bends or junctions. Modified MTM
designs would most likely be needed and could be tailored to a
specified discontinuity and its application.

V. CONCLUSIONS

A DNG MTM loaded transmission line has been designed
and its propagation characteristics have been presented. The
MTM CLS and CLL elements used successfully in previous
DNG MTM experiments have been modified and placed under
a section of a microstrip transmission line. The resulting DNG
MTM-TL structure has been simulated with HFSS and the
effective material parameters have been extracted by using an
equivalent two-port network approach. It was demonstrated that
the DNG MTM-TL is characterized by a negative permittivity,
negative permeability, and negative index of refraction in a
particular frequency band. A 2TDLM material type of resonant
frequency behavior of those material parameters was realized
in that region. It was also shown that this region corresponds
to a backward propagating wave region characterized by a
negative phase velocity and positive group velocity.
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Phase and dispersion compensating transmission-line seg-
ments formed by the DNG MTM-TLs have several potential
applications. Issues including reduced dispersion behavior of
signal pulses propagating along composite DNG MTM TLs
and potentially reduced crosstalk effects between parallel DNG
MTM TLs due to the self-focusing in the DNG MTM regions
are currently under investigation. Experiments to validate the
analysis and numerical simulations presented here are also
under consideration. The results of these continuing efforts will
be reported in the near future.
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