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Guest Editorial
I. INTRODUCTION

METAMATERIALS, the topic of this TRANSACTIONS’
Special Issue, is a vague term. Broadly, it means some-

thing beyond natural materials, and implies something artificial,
not ordinarily found in nature.

Originally, the word metamaterials included a wider range of
artificial materials, but in this TRANSACTIONS’ Special Issue, the
word applies to those materials or structures in which the phase
velocity and the group (power transmission) velocity point in
opposite directions. This property leads to a series of fasci-
nating performance features, such as a backward electromag-
netic wave in the material, a negative index of refraction, a re-
versed Doppler effect, etc. These performance features in them-
selves are stimulating to contemplate, but we are learning that
novel and practical microwave components can also be devised.

Among these are forward or backward directional couplers
with improved features like arbitrary coupling ratios, shorter
coupling lengths, broader bandwidths, etc. Other coupling com-
ponents with improved features include branch-line couplers
and hybrid rings. A different type of novel component that fol-
lowed directly from the backward-wave property is a leaky-
wave antenna that can be frequency scanned or electronically
scanned from backward endfire through broadside to forward
endfire. Previously, such scanning could be obtained by em-
ploying the first higher space harmonic, but here, the radiation
is supplied by the dominant space harmonic. Yet another novel
device is a perfect lens, consisting of a planar slab of metama-
terial, which has the startling property that the sharpness of the
image is not limited by the wavelength of light. This truly un-
usual feature follows from its negative-refractive-index property
and the fact that evanescent waves are amplified when traversing
the metamaterial slab.

All of these structures have been built, and their performances
have been verified by measurements at microwave frequencies.

This topic is rather new, about a half-dozen years old, but it
has expanded very rapidly, particularly in the physics commu-
nity. In the microwave community, the contributions began only
about three years ago, but progress has also been rapid, although
the goals and stress have usually been somewhat different from
those in the physics community. The nature of these contribu-
tions and their potential for novel applications, however, are not
yet widely understood or appreciated by most microwave engi-
neers. It is hoped that this TRANSACTIONS’ Special Issue will
help to clarify the state-of-the-art for our community and illus-
trate some of the opportunities for future novel applications in
the microwave field.

Since we believe that many people in the microwave field are
not very familiar with this topic, we are devoting much of this
Guest Editorial to some background information for those who
may fit into this category.
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II. TERMINOLOGY

The class of materials or structures that are referred to as
metamaterials are characterized by various terms such as:
1) left-handed (LH); 2) BW; 3) negative-index (NI) or nega-
tive-refractive index (NRI); or 4) double-negative (DNG), and
perhaps others. The term “left-handed” was used in the original
paper by Veselago, and many people use it for that reason. It
signifies a contrast with the well-known “right-hand rule” for
the direction of the Poynting vector relative to the directions
of the electric and magnetic fields. An objection to its use
is that “LH” is used in classifying chiral media and types of
circularly polarized radiation. The term BW is not as widely
used because backward waves can be produced in several other
ways. The NRI property was originally thought to be obtainable
only from a metamaterial medium, but it is now known that
it is possible to obtain this property from a special periodic
arrangement of ordinary materials. Nevertheless, the NRI term
is a very appropriate description when dealing with two- or
three-dimensional structures.

The terms above represent in each case a property that results
from a wave that propagates within the metamaterial structure.
The remaining term, double negative, follows from the funda-
mental properties of the metamaterial itself. Double-negative
signifies that the permittivity and permeability of the ma-
terial (or the effective values of and of the structure com-
prising the metamaterial) are both negative. For ordinary mate-
rials, these values are both positive. The letters DNG have been
found to be easily generalizable to double-positive (DPS) or to
single-negative materials, as only-epsilon-negative (ENG) and
only-mu-negative (MNG).

Unfortunately, there is no commonly agreed-upon term, so
we have permitted in this TRANSACTIONS’ Special Issue each
paper to employ its own preference.

III. BRIEF HISTORICAL BACKGROUND

In 1968, Veselago [1] authored a paper that asked what electro-
dynamic behavior could be found if the and of a material are
simultaneously negative rather than positive. He found that the
results would be very interesting and unusual, and he pointed out
that, among these new effects, one would find backward waves,
a negative refractive index, a reversed Doppler effect, a reversed
Čerenkov effect, a planar slab lens, etc. He then asked if any ma-
terials in nature could be found with simultaneously negative
and values, and he concluded that there are none.

As a result of this conclusion, no further progress along these
lines was made until the recent turn of the century. It had been
known for some time that a medium consisting of an array of
conducting rods can serve as a medium with a negative value
of , but what was missing was how to achieve a negative value
of . The breakthrough was provided in 1999 by Pendry et al.
in [2], which presented several examples of how one can obtain
negative values of from conductors. The most interesting of
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them was a split-ring resonator, an array of which provided a
negative value of over a portion of its resonance frequency
range. The combination of the rods and split-ring resonators
yielded an artificial medium possessing both a negative and

over a narrow frequency range.
Encouraged by the implications of these results, a team at the

University of California at San Diego, La Jolla, built a com-
posite medium along these lines at microwave frequencies, and
made measurements that clearly demonstrated that this medium
exhibited a negative index of refraction. These measurements
[3] proved that the physical effect is real, and they triggered a
flood of papers, especially in the physics community.

The microwave community was also excited by the poten-
tial for novel effects and novel components, but it realized that
the guiding structure and constituent elements that were avail-
able at that time were not suitable for application to microwave
integrated circuits. Since the structure on which the measure-
ments were made included a split-ring resonator for the effective
negative , a widespread perception developed that the array
of elements must contain a resonant constituent, which is obvi-
ously undesirable because the resonant element is narrow-band
and also lossy in precisely the metamaterial range of operation.
Another key problem is that the physics community preferred
their structures to be three-dimensional (3-D), or at least two-di-
mensional (2-D), whereas for microwave integrated circuits, the
guiding structure must be one-dimensional (1-D).

During June 2002, at the IEEE Microwave Theory and Tech-
niques (MTT) and Antennas and Propagation (AP)/International
Scientific Radio Union (URSI) Symposia, solutions were pre-
sented by three different groups that successfully addressed the
above-mentioned problems. All three used existing transmission
lines as the supporting guiding structure; Oliner [4] chose strip
line, while Iyer and Eleftheriades [5] and Caloz et al. [6] selected
microstrip line. All three also chose basically similar disconti-
nuity elements (shunt inductances and series capacitances) to
provide the required negative and values. The big difference
between [4] and both [5] and [6] is that [4] employed analytical
expressions for the discontinuities valid over a wide frequency
range, whereas [5] and [6] used L and C terms and stressed the
low-frequency features and the design simplicity associated with
the L, C transmission-line approach. These papers provided the
foundation for both the approach and methodology regarding
how to proceed when designing for 1-D transmission lines. This
is especially true for the approaches that use L and C. The authors
of [5] and [6], together with various additional later contrib-
utors, then proceeded to develop a series of novel microwave
components for use with microstrip line.

IV. ADDITIONAL OBSERVATIONS

Veselago’s original paper [1] is a classic “what-if” paper. It
asks, “What if a medium were to have negative values of and

instead of positive values? In what ways would the electro-
dynamic behaviors be different?” If the behaviors are not much
different, or the results otherwise uninteresting, the study would
serve to tell us that the structure is not worth investigating fur-
ther. Or, if the results are interesting, but there is no way in which
measurements can be made, the structure must be set aside in

the meantime. That was the situation for Veselago’s paper until
recently. Now that we know how to create an artificial medium
with such properties, all of the interesting performance predic-
tions are being verified experimentally. “What-if” papers can,
therefore, be very valuable under the right circumstances.

In this TRANSACTIONS’ Special Issue, Engheta and Zi-
olkowski have submitted an excellent invited review paper with
the intriguing title “A Positive Future for Double Negative
Metamaterials.” Many portions of their paper inquire into
structures that may lead to potential applications. In that sense,
these inquiries are “what-if” papers that may be tested exper-
imentally in the near future. One example that is discussed in
their paper was initially a purely “what-if” paper (in 2002), but
it has now been experimentally verified in one of the papers in
this TRANSACTIONS’ Special Issue. The physical structure is a
bilayer in which one layer is DNG and the other layer is DPS
(an ordinary medium), forming a two-layer resonant cavity
that can have a sub-wavelength arbitrarily small thickness.
This experimental paper by Li et al. is entitled “Experimental
Realization of a One-Dimensional LHM–RHM Resonator.”

We were hoping for numerous papers with novel applica-
tions, but the microwave community is not yet ready for many
such papers. Instead, the hardware-oriented creativity is directed
more toward novel ways to obtain negative values of and .
One such paper in this TRANSACTIONS’ Special Issue is entitled
“Simulation of Negative Permittivity and Negative Permeability
by Means of Evanescent Waveguide Modes—Theory and Ex-
periment,” by Esteban et al. The key concept involves the recog-
nition that an empty metallic waveguide below cutoff supports a
decaying wave comparable to a wave in a stop band or to “prop-
agation” through an over-dense plasma. The authors extend the
earlier paper by Marqués et al., which relates a medium with a
negative to evanescent TE modes, to a new equivalence, be-
tween evanescent TM modes and a negative .

A second novel structure involves split-ring resonators. The
first steps are to miniaturize the size of the split rings and place
them in an array along the guide direction. As is well known
from earlier studies, such arrays will produce a negative value
of permeability. A newer contribution is a dual of such split-ring
resonators, called a complementary split-ring resonator, which
is fabricated by etching the negative image of the split ring in the
ground plane of a microstrip line underneath the conductor strip.
The complementary resonator produces a negative value of ,
rather than . The properties of the original split-ring structure
and its complementary version are discussed, and their equiva-
lent circuits are developed, together with how they give rise to
bandpass and bandstop filters. The narrow-band and lossy na-
ture of these resonators are still concerns.

It is not our intention to cover all the novel features in this
TRANSACTIONS’ Table of Contents, but we have listed these
few examples as illustrative of their flavor. The field has been
moving ahead nicely, and we hope that this TRANSACTIONS’
Special Issue will serve to stimulate further creativity, partic-
ularly in the direction of novel microwave components.

In these introductory remarks, we have presented much in the
way of background information in an attempt to be of help to
those who are less well informed on this topic and are in need
of some guidance.
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We wish to express our sincere thanks to our many re-
viewers who conscientiously contributed their time and effort
in order to help us produce a quality Special Issue. We re-
ceived almost 40 submitted manuscripts and, in many cases,
we needed to call on the same reviewer to evaluate more
than one manuscript. We also wish to express our appreciation
to those authors who patiently cooperated with the rigors of

the review process, and diligently made the modifications re-
quested by the reviewers. We are particularly indebted to this
TRANSACTIONS’ Editor-in-Chief, Prof. Michael B. Steer, for
providing the necessary guidance in both matters of principle
and in the many procedural details. We also greatly appreciate
the many ways in which he graciously offered help and kept
us on track.
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