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Abstract

A variety of antennas have been engineered with metamaterials and metamaterial-
inspired constructs to improve their performance characteristics. Interesting
examples include electrically small, near-field resonant parasitic (NFRP) anten-
nas that require no matching network and have high radiation efficiencies.
Experimental verification of their predicted behaviors has been obtained. This
NFRP electrically small paradigm has led to a wide variety of multiband and
multifunctional antenna systems. The introduction of active metamaterial con-
structs further augments the antenna designer’s toolbox and leads to systems with
many interesting and useful properties.
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Introduction

There has been a paradigm shift in recent years in the research on the physical
properties of electromagnetic materials. This trend can be traced primarily to the
development of metamaterials (MTMs) and their exotic physics properties and
unusual engineering applications (Engheta and Ziolkowski 2006; Eleftheriades
and Balmain 2005; Caloz and Itoh 2005). Metamaterials are artificial media
whose basic unit cells are engineered in order that the overall composite possesses
predesigned macroscopic physical properties which can be tailored for specific
applications. By engineering the unit cell to a scale that is much smaller than the
operating wavelength, the MTM exhibits homogenized material properties.
MTMs are typically created by designing those inclusions to have resonant
properties near a particular wavelength A of interest, through either planar or
volumetric loadings of space. They have provided extremely interesting flexibility
in the engineering design processes for a variety of electromagnetic, acoustic,
elastic, and thermal wave applications. Several electromagnetic prototypes have
been developed for radiating and scattering applications operating from UHF to
optical frequencies.

A generally accepted MTM classification scheme in terms of the effective
permittivity and permeability of the MTM is shown in Fig. 1 (Engheta and
Ziolkowski 2006). Materials normally occurring in nature are usually double posi-
tive (DPS). MTM interest in DPS characteristics is commonly connected with
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desires to achieve permittivity or permeability values that are either large or less than
one for either or both parameters. The double negative (DNG) metamaterials
(MTMs), which are immediately associated with negative refraction effects, were
proposed over 40 years ago (Veselago 1968). They were experimentally demon-
strated at the turn of this century. Since then, a large variety of artificial material
constructs have been designed, fabricated, and tested, confirming many of the exotic
MTM properties (Smith et al. 2000; Ziolkowski 2003; Erentok and Ziolkowski
2007a; Engheta and Ziolkowski 2005).

The epsilon negative (ENG) and mu negative (MNG) MTMs are termed single
negative (SNG), in direct contrast to the DNG cases. While the DPS and DNG
MTMs allow propagating waves, all waves in SNG MTMs are evanescent. Extreme
MTMs exhibit an extreme material or electromagnetic wave parameter. For instance,
MTMs that have epsilon-near-zero (ENZ) or mu-near-zero (MNZ) characteristics
also have a near-infinite or near-zero wave impedance. Zero-index MTMs have
simultaneously zero permittivity and permeability and, thus, a zero index of refrac-
tion. Consequently, they exhibit spatially static (dynamic in time), infinite wave-
length behaviors (Ziolkowski 2004).

The adaptation of a variety of epsilon-negative (ENG), mu-negative (MNG), and
DNG metamaterials or simply metamaterial unit cells to achieve enhanced perfor-
mance characteristics of antenna systems has since received considerable research
attention. This includes studies, for instance, of small antennas (Ziolkowski and
Kipple 2003, 2005; Qureshi et al. 2005; Stuart and Tran 2005, 2007; Stuart and
Pidwerbetsky 2006; Ziolkowski and Erentok 2006, 2007; Erentok and Ziolkowski
2007a, b, ¢, 2008; Alici and Ozbay 2007; Arslanagi¢ et al. 2007; Ziolkowski
2008a, b; Antoniades and Eleftheriades 2008; Lee et al. 2008; Greegor et al. 2009;
Kim and Breinbjerg 2009; Ziolkowski et al. 2009a, b; Mumcu et al. 2009; Jin and
Ziolkowski 2009, 2010a; Lin et al. 2010); multi-functional antennas (Saenz
et al. 2008; Herraiz-Martnez et al. 2009; Antoniades and Eleftheriades 2009; Jin
and Ziolkowski 2010b, ¢, 2011; Lin et al. 2011; Zhu et al. 2010); infinite-wavelength
antennas (Sanada et al. 2004; Lai et al. 2007; Park et al. 2007); patch antennas (Buell
et al. 2006; Ikonen et al. 2007; Alu et al. 2007; Bilotti et al. 2008); leaky-wave
antenna arrays (Eleftheriades and Balmain 2005; Caloz and Itoh 2005; Eleftheriades
et al. 2007; Caloz et al. 2008); higher-directivity antennas (Enoch et al. 2002; Wu
et al. 2005; Martinez et al. 2006; Franson and Ziolkowski 2009); low-profile
antennas achieved with a variety of modified ground planes (Erentok et al. 2005;
Erentok et al. 2007d; Yang and Rahmat-Samii 2009), e.g., artificial magnetic
conductors (AMCs); and dispersion engineering of time-domain antennas (Caloz
et al. 2008; Ziolkowski and Jin 2008). The proliferation of wireless devices for
communication and sensor applications has restimulated interest in many different
types of antennas. The often conflicting requirements of, for instance, efficiency,
bandwidth, directivity, weight, and cost have made the design tasks onerous for
antenna engineers with traditional schemes. The metamaterial-inspired engineering
of antennas and their performance characteristics has provided an alternative
approach to addressing these pressing issues.
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Metamaterial-Based Antennas

The idea of using a resonant metamaterial object in the near field of an electrically
small radiator to significantly enhance its performance was introduced in
(Ziolkowski and Kipple, 2003; Ziolkowski and Kipple 2005; Ziolkowski and
Erentok 2006; Erentok and Ziolkowski 2008) and reviewed in (Ziolkowski
et al. 2011). The theoretical models began with enclosing a radiating dipole with
double negative or single negative spherical metamaterial shells. For instance, nearly
complete matching to a 50Q source was achieved for a coax-fed dipole (loop)
antenna within an ENG (MNG) or DNG shell without any external matching circuit,
and high radiation efficiencies were realized giving overall (realized) efficiencies
near 100 %. One of the original designs is shown in Fig. 2.

The physical explanation for this configuration is illustrated in Fig. 3. When an
electrically small DPS sphere is illuminated by an electromagnetic wave, it
responds as an electrically small dipole radiator, which is known to be a highly
capacitive element. An electrically small shell also responds in this manner.
However, if it is filled with an ENG material, its permittivity is negative, and,
hence, its capacitance is negative. This means the shell acts as an inductive
element. The combination of the lossy capacitive and inductive elements, i.e.,
the juxtaposition of the positive and negative material regions, yields a lossy
(RLC) resonator.

The driven element, the electrically small dipole antenna, has a large negative
reactance, i.e., it too is a capacitive element. Because the lossy resonator is in the
extreme near field of the driven element, the fields involved and the subsequent
responses are large. It was found that the reactance of this near-field resonant
parasitic (NFRP) element, the resonant core-shell structure, can be conjugate

metamaterial-based, efficient
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consisting of a center-fed
dipole antenna surrounded by
an ENG shell

Source

ENG Shell




Metamaterials and Antennas 291

a DPS (air) Core ENG Shell Small Core-Shell
O Dipole

¢ Capacitor LC Resonator

1
4+

Fig. 3 The physics underlying the electrically small core shell configuration. (a) When excited, the
DPS core acts as a small dipole element and, hence, is a capacitive element. The ENG shell responds
as an electrically small dipole. However, because € < 0 in the shell, it acts as an inductive element
(b) Combining the core and shell, he resulting core-shell element acts like an LC resonator that can
be matched to a driven electrically small dipole antenna, and (c) the circuit elements equivalent to
the radiators in (b)

matched to the dipole reactance by adjusting their sizes and material properties to
achieve an antenna resonance at

1 1
2r A /Leﬁ-Ceﬂ

where L.z and Cy are, respectively, the effective inductance and capacitance of the
system, in order to have the total reactance equal to zero (It is noted that in the dual
case, a loop antenna and an MNG shell, the first antenna resonance is generally an
antiresonance). Moreover, by tuning the effective capacitances and inductances of
both the driven and parasitic elements, the entire antenna can be nearly completely
matched to the source. Consequently, it can be said that the NFRP element acts as an
impedance transformer.

Furthermore, by arranging the NFRP element so that the currents on it dominate
the radiation process, high radiation efficiency and, consequently, very high overall
efficiency, i.e., the ratio of the total radiated power to the total input power, can be
realized. This basic physics of a NFRP element-based electrically small antenna is
depicted in Fig. 4. On the other hand, the bandwidth remains commensurate with the
electrical size of the antenna. It was demonstrated (Ziolkowski and Erentok 2007)
that with an active ENG shell, the bandwidth could be increased considerably
beyond the well-known Chu (1948) and Thal (2006) limits. The introduction of

fres: (1)
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Fig. 4 The basic physics governing the behavior of an electrically small, near-field resonant
(NFRP) antenna

non-Foster elements, which will be discussed later in this chapter, achieves this
theoretical construct.

For example, the 300 MHz version of the dipole-ENG shell antenna shown in
Fig. 2 was predicted to have an overall efficiency greater than 97 % when ka = 0.12
(Ziolkowski and Erentok 2006). It is noted, however, that because the antenna is
electrically small, one would expect its directivity to be near that of a small dipole
element, i.e., 1.76 dB. Furthermore, the bandwidth will be small. In particular, if a is
the radius of the smallest sphere enclosing the entire antenna, k = 27/4,.; = 27 f,s/c
is the free-space wavenumber at the resonance frequency, and RE is the radiation
efficiency of the antenna, then the antenna is electrically small if ka < 0.5 (1.0) if a
(no) ground plane is involved. The Chu lower bound on the quality factor of an
electrically small antenna is (Best 2005)

1

=RE X |—— +—
Op (ka) | ka

(@)

giving FBW,;, = 2/Q,, as the upper bound of the half-power VSWR fractional
bandwidth.

An important practical difficulty with the metamaterial-shell concept is the need
to have extremely small unit cell sizes. For instance, if a ka = 0.10 antenna is
desired, the thickness of the unit cell would be on the order of 4,,,,/100, thus requiring
unit cells at least 4,.,/300 in size to have three unit cells across the shell thickness
and, consequently, something like a bulk metamaterial. Some of the smallest unit
cells fabricated to date are 4/75 at 400 MHz (Erentok et al. 2007b). Furthermore,
when there are losses associated with each unit cell, having many of them can lead to
a large cumulative loss value. This behavior has been verified (Greegor et al. 2009)
with a dual version of the system shown in Fig. 1. An antenna consisting of an
electrically small driven magnetic loop and a mu-negative sphere was designed and
fabricated. The measured results demonstrated that the MNG sphere did provide
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Fig. 5 Nano-antenna based on the NFRP paradigm

matching of the antenna to the source. However, because of the losses associated
with each unit cell and because there were many cells involved in the overall design,
it also did not achieve the expected high radiation efficiency.

There have been numerous other metamaterial-based antenna designs considered
at RF frequencies. Electrically small antenna designs have been realized with small
sets of unit cells and have been shown to have many potential applications (Dong
and Itoh 2012). Moreover, the MTM-based NFRP paradigm has been extended to
visible wavelengths, leading to active ENZ optical metamaterials (Gordon and
Ziolkowski 2008), as well as passive and active nanoantenna (Arslanagic¢
et al. 2007; Geng et al. 2011, 2012, 2013), nanolaser (Gordon and Ziolkowski
2007; Liberal et al. 2014), highly directive nanoantenna (Liberal et al. 2014,
Arslanagi¢ and Ziolkowski 2012), nanoamplifier (Arslanagi¢ and Ziolkowski
2010; Arslanagi¢ and Ziolkowski 2014), and quantum jammer (Arslanagi¢ and
Ziolkowski 2010, 2013, 2014) designs. The basic configuration is shown in Fig. 5.
It results from the fact (Arslanagi¢ et al. 2007) that the driven dipole antenna does not
have to be internal to the resonant core-shell element to produce the enhanced total
radiated power. As long as the dipole couples strongly with the resonator, the desired
enhanced response occurs.

Metamaterial-Inspired Antennas

It was found (Erentok and Ziolkowski 2008) that a NFRP element constructed from
a single MTM unit cell is sufficient to achieve the desired matching and high
radiation efficiency properties. The resulting radiating systems were termed
metamaterial-inspired antennas rather than metamaterial-based antennas because
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only a single MTM unit cell was used and not a bulk medium. One does not need a
large resonator around the entire radiating element but rather only a single unit cell —
an electrically small resonator — in the near field of the driven radiator to achieve
nearly complete matching to the source without any matching circuit and nearly
100 % overall efficiency. The initial designs made use of the analytical results that
matched the type of driven element with the appropriate type of MTM. Both electric
and magnetic coupling mechanisms between the driven and NFRP elements have
since been explored. These metamaterial-inspired NFRP elements have led to a
variety of interesting electrically small antenna systems. Several of these
metamaterial-inspired NFRP designs have been fabricated and tested; the measured
results are in good agreement with their simulated values.

Electric NFRP, Electric Coupling

The first NFRP antenna that was tested for its overall efficiency performance was the
electric 2D EZ antenna shown in Fig. 6. The term EZ was chosen to reflect the fact
that these original NFRP antennas were “easy” to design and fabricate. It was a
Rogers Duroid™ 5880 design. A monopole was printed on one side of the Duroid
sheet and was coaxially fed through a copper ground plane. The NFRP element was
a small meander line connected to the ground plane on the other side of the Duroid
sheet. It has been demonstrated (Imhof et al. 2006; Imhof 2006) that this is a unit cell
of an ENG MTM. It was demonstrated experimentally (Erentok and Ziolkowski
2008) that a 2D electric EZ antenna with f,,; = 1.37 GHz and ka ~ 0.49 was nearly
completely matched to the 50Q source and had an overall efficiency ~94 %, with a

Fig. 6 ENG-based NFRP z
element, 2D electric EZ
antenna

Printed
Monopole -._

feedline



Metamaterials and Antennas 295

Fig. 7 Fabricated 570 MHz Z antenna on its small circular copper insert. (a) Z element side and (b)
monopole element side

4.1 % fractional bandwidth. The NFRP element is electrically coupled to the driven
monopole. The fields generated by the currents on the horizontal lines are nearly
cancelled out by their images through the ground plane. The vertical elements radiate
coherently and provide the high radiation efficiency.

With an interest to achieve an adjustable and potentially tunable version of this
NFRP antenna, the Z antenna, whose 570 MHz, 31 mil, 2 oz Duroid 5880 realization
is shown in Figs. 7a and b, was designed, fabricated by Boeing Research and
Technology in Seattle, WA, and tested in the reverberation chambers at the National
Institute of Science and Technology (NIST) in Boulder, CO (Ziolkowski
et al. 2009b). The meander line was reduced to two simple J-elements connected
with a lumped element inductor. The bottom J-element is connected to the ground
plane. The monopole is coaxially fed through the ground plane. It was a 30 mm x
30 mm design incorporating a CoilCraft 47nH inductor. Measurements were taken
with both the small ground plane version (120.6 mm diameter copper disk) shown in
Fig. 7 and a larger ground plane version (the small ground plane version was inserted
into an 18 in x 18 in = 457.2 mm x 457.2 mm copper ground plane). A physical
comparison of the Z antenna and the reference ETS LINGREN 3106 double-ridged
waveguide horn, which is about 94 % efficient in its 200 MHz-2GHz frequency
band, is shown in Fig. 8. An overall efficiency equal to 80 % was measured at the
resonance frequency f,., = 566.2 MHz (ka = 0.398) with a half-power fractional
bandwidth FBW = 3.0 %, giving Q = 4.03 Q. There was little difference between
the small ground plane and larger ground plane results. The predicted gain patterns
in the small and large ground plane configurations are shown in Fig. 9, confirming
that the Z antenna acts like a small vertical monopole with a finite ground plane. A
second Z antenna, a 40 mm X 40 mm design incorporating a CoilCraft 169nH maxi
inductor, had a 46 % measured overall efficiency at f,., = 294.06 MHz (ka = 0.276).
Both sets of experimental results demonstrated, as predicted, the ability to obtain a
lower resonance frequency with a simple redesign using a larger lumped element
value. These experiments not only confirmed the predicted controllability of the
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Fig. 8 Physical comparison
of the 570 MHz small ground
plane Z antenna and the dual- !
ridged reference horn in the ' Reference
NIST-Boulder reverberation antenna
chamber s
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Fig. 9 HFSS-predicted patterns for the Z antenna at f,,, have the expected electric monopole with a
finite ground plane shapes

resonance frequency but also provided information on how to treat the lumped
element inductor in the electromagnetic simulations. Based on these results, an
updated Z antenna was designed with an overall efficiency of OE = 82.3 % (|Sy4]
= —25.44 dB) at f,,; = 285.6 MHz (ka = 0.428) (Ziolkowski et al. 2009b).
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Inductor

Fig. 10 Electrically small antenna designs incorporating generalized NFRP elements and coax-fed
monopoles. (a) Rectangular NFRP with lumped element inductor, (b) Egyptian axe antenna with its
distributed NFRP element. The current densities represent their basic behavior at the first resonance
of the antenna

As it was recognized that the NFRP elements were the key to these electrically
small designs, several variations have been designed to allow for other functional-
ities, which will be described below. For instance, the NFRP element associated with
the Z antenna can be simplified considerably (Ziolkowski 2008a, b; Jin and
Ziolkowski 2009; Jin and Ziolkowski 2011). The version shown in Fig. 10a consists
of a split vertical segment connected by a lumped element inductor. The size of the
upper horizontal metal rectangle is adjustable to tune the input reactance. HFSS
simulations of the currents at the resonance frequency confirm that they are mainly
on the vertical segments, which means this antenna radiates as a monopole over the
ground plane and that the overall efficiency is above 90 % (Jin and Ziolkowski
2009). The second version in Fig. 10b utilizes a distributed NFRP element. The
vertical strip couples directly to the driven monopole, the metal arc provides the
inductance, and the horizontal strips provide additional capacitance. In resonance,
HFSS simulations predict that the overall efficiency is above 90 % and confirm that
the currents, as shown in Fig. 10b, are mainly on the vertical segment of the NFRP
element, which again indicates why this antenna radiates as a monopole over the
ground plane (Ziolkowski et al. 2011).

Magnetic NFRP, Magnetic Coupling

In a similar fashion, the NFRP element can be driven with the magnetic field of the
driven element. In conjunction with the analytical solutions, a driven magnetic
semiloop antenna coaxially fed through a finite ground plane was first considered.
This led to the magnetic 2D and 3D EZ antennas (Erentok and Ziolkowski 2007a, b;
Ziolkowski et al. 2009b; Lin et al. 2010). This feed-coupling scheme is graphically
illustrated in Fig. 11, which illustrates a variation of the 2D magnetic EZ antenna.
The parasitic element is a capacitively loaded loop (CLL), which was originally used
successfully to achieve an artificial magnetic conductor metamaterial (without any
ground plane) (Erentok et al. 2005). Both distributed and lumped element versions
have been fabricated and tested successfully (Erentok and Ziolkowski 2008).
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Fig. 11 The magnetic flux of
the printed semi-loop antenna
coaxially fed through a finite
ground plane drives the CLL
NFRP element in this
variation of the 2D magnetic
EZ antenna

The 3D magnetic EZ antenna is composed of an electrically small loop antenna
that is coaxially fed through a finite ground plane and that is integrated with an
extruded CLL element. This 3D CLL structure is designed to be the NFRP element.
The measured results (Ziolkowski et al. 2009b) for the 3D magnetic EZ antenna
demonstrated that for an electrical size, ka ~ 0.43, at 300.96 MHz, nearly complete
matching to a 50 Q source, and a high overall efficiency (>94 %) was achieved.
These results and those in Erentok and Ziolkowski (2007b, ¢) established that the
CLL-based elements can work in many frequency bands, e.g., from the ultrahigh-
frequency (UHF) band to the X band. While negative permeability cannot be
ascribed to either the 2D or 3D CLL elements themselves, a metamaterial
constructed with them as its unit cell inclusion would exhibit MNG properties.
Nonetheless, as with the electric source—electric coupling cases, it is the electrically
small, magnetic-based NFRP CLL structure that provides the ability to match the
electrically small loop antenna to the source. This can be visualized with the
configuration dual to that shown in Fig. 4. The NFRP element again enhances the
radiation process to achieve high radiation efficiencies. In particular, the CLL
element can be engineered to control the strong magnetic flux generated by the
small driven loop antenna and convert it into the appropriate currents flowing on the
CLL element. Furthermore, this magnetic coupling process between the driven loop
and the NFRP CLL element can be adjusted to tune the resonance of the entire
antenna system according to Eq. 1 (Erentok and Ziolkowski 2008; Kim and
Breinbjerg 2009). These metamaterial-engineered NFRP antennas again help over-
come the loss issues associated with an actual metamaterial-based antenna design
(Greegor et al. 2009). The wire versions of the CLL NFRP antennas have also been
designed and show similar performance characteristics (Lin et al. 2011).

A similar low-profile (height ~ A.s/25) 3D magnetic EZ antenna was designed for
operation at 100 MHz. The fabricated antenna is shown in Fig. 12. The measured and
simulated results were in very good agreement. This ka = 0.46 antenna was
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Fig. 12 The fabricated
100 MHz 3D magnetic EZ
antenna in its small ground
plane configuration

measured to have OE ~ 95 % and a half-power VSWR fractional bandwidth of
1.52 % (Q = 11.06 Q) at f,.; = 105.2 MHz. This design utilized a quartz spacer
(e, = 3.78) to help lower the resonance frequency and to provide mechanical stability
during shipping and operation. Similar antennas have been designed for operation at
20 MHz using simply a g, = 100 spacer (Lin et al. 2010).

The corresponding HFSS-predicted gain patterns are shown in Fig. 13; the
maximum gain value is 5.94 dB. Because the gain patterns are symmetric, it can
be immediately inferred that the surface currents induced on the electrically small
CLL element by the flux of the driven semiloop antenna are uniform and symmetric.
This behavior is verified with the HFSS-predicted vector surface current distribu-
tions. This current distribution also demonstrates that this electrically small antenna
system is radiating as a magnetic dipole over a finite ground plane (Lin et al. 2010).

Magnetic NFRP, Electric Coupling

Several important features distinguish the electric-based and the magnetic-based
cases. The electric-based cases generally exhibit about half the Q values of the
magnetic-based cases. Simply, the variation of the input impedance with frequency
associated with a resonance is smaller than that associated with an antiresonance
(Yaghjian and Best 2005). The electric-based cases radiate a vertical electric mono-
pole type pattern; the magnetic-based cases radiate a horizontal magnetic dipole type
pattern. The rate of decrease in the radiation efficiency as ka decreases is slower for
the electric-based cases than for the magnetic-based ones. Because for many appli-
cations one would like broadside radiators and high radiation efficiencies for yet
smaller ka values, antennas with a driven electric source have been investigated that
are either magnetically or electrically coupled to a magnetic NFRP element. At first,
because it deviated from the MTM-based analytical solution paradigm, this cross-
design was not expected to yield a successful antenna. Fortunately it was, and it was
found that it provides some interesting flexibilities for the multifunctional designs to
be discussed below.
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Fig. 14 Antenna composed of a driven electric source that is (a) magnetically coupled and (b)
electrically coupled to a (magnetic) CLL-based NFRP element

The driven electric source, magnetically coupled design is illustrated in
Fig. 14a. The magnetic field flux generated by the driven monopole is directly
coupled to the CLL element. A realization of this design has been reported (Alici
and Ozbay 2007). While it does produce a pattern with its maximum in the
direction orthogonal to the plane, this magnetically coupled design is more
sensitive and requires larger ka values to achieve nearly complete matching to
the source than the corresponding electrically coupled design shown in Fig. 11b.
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The protractor antenna (Jin and Ziolkowski 2011) illustrated in Fig. 14b has a
thin gap between the horizontal legs of the CLL-based NFRP element and the
ground plane. Because this NFRP element is in the extreme near field of the
driven element, the electric fields across this gap are very large. Note that if the
monopole were centered on the CLL element, the magnetic flux contributions
would completely cancel because of symmetry; and the radiation process would
be very weak from the electric field-generated currents along either side of the
NFRP protractor element because a majority of them would be canceled by their
images in the ground plane. However, by offsetting the monopole, the electric
driven currents can form the desired loop mode around the CLL element. This
loop mode radiates the desired magnetic dipole over a ground plane pattern. The
coupling is strong, and consequently, the radiation efficiency can be large. Over
85 % overall efficiencies have been demonstrated for several protractor antennas
(Jin and Ziolkowski 2010b; Jin and Ziolkowski 2011).

Multifunctional Electrically Small Antennas

Because of the known need for more functionality in a given antenna, the single
antenna designs have been extended to multiantenna ones while trying to maintain
the same footprint (overall size). By properly combining and phasing their effective
electric and magnetic dipoles electrically small multiband, circular polarized (CP),
elemental Huygens source and broader bandwidth antennas were obtained that are
nearly completely matched to a 50Q source and have high radiation efficiencies.
These various designs are reviewed below.

Multiband Antennas

Several multiband antenna systems which consist of multiple NFRP elements in the
very near field of the driven element, each being resonant at a specified, unique
frequency, have been developed (Jin and Ziolkowski 2010c; Lin and Ziolkowski
2010). At each antenna resonance, only one or majorly one parasitic element
efficiently radiates. It is worth pointing out that the directly driven monopole remains
essentially nonradiating at all of the resonant frequencies. Impedance matching to
the source at all multiband frequencies is achieved by adjusting the dimensions of
each parasitic element and its distance from (and, hence, coupling to) the driven
monopole. When there are multiple parasitic elements, the couplings among the
parasitics also impact the radiation and matching processes. Efficient multiband
operation results from properly understanding the effects of these multiple reso-
nances and how to minimize their couplings. This NFRP approach is a distinct
difference from the directly driven multiband dipole antennas proposed in Herraiz-
Martnez et al. (2009) and related works that use parasitic split resonant rings to
achieve the multiband capability. At each resonant frequency, the directly driven
dipole plays a significant part in the radiation process, and the SRRs act as different



302 R.W. Ziolkowski

L2 NFRP
element

L1 NFRP
element

Inductor

Coax feed line

Fig. 15 Duroid 5880-based, single feed, dual-band NFRP antenna. This system has been designed,
e.g., for the GPS L1 and L2 frequencies

loads at different resonant frequencies. Using the simplified NFRP element shown in
Fig. 10a, the dual-band GPS L1 (1575.4 MHz) and L2 (1227.6 MHz) antenna shown
in Fig. 15 was designed (Jin and Ziolkowski 2010c). In the same manner, a quad-
band 430.0 MHz and GPS L1 (1575.42 MHz), L2 (1227.60 MHz), and L5 (1176.45
MHz) antenna was also designed (Jin and Ziolkowski 2010c).

The dual-band, asymmetric split EZ antenna system shown in Fig. 16 was
designed to achieve a low-frequency dual-band system for low-earth-orbit satellite
(LEOS) communications: 137.475 MHz uplink and 149.15 MHz downlink bands
(Lin and Ziolkowski 2010). Note that these frequencies are separated by only
11 MHz. The radiation efficiencies for those resonant frequencies are 96.4 % and
71.5 %, respectively.

The reason why the higher resonant frequency has lower radiation efficiency is
due to the currents being in opposition in these two CLL elements, i.e., they are out
of phase. At the lower frequency, they are in phase. These EZ design results have
provided us with the insight into the need for careful recognition of the relative
current flows on the set of NFRP elements to achieve the highest possible radiation
efficiencies. By controlling the relative phases of the currents, a related dual-band
429.8 MHz (SATCOM) and 1575.6 MHz (GPS L1) design, in which the two 3D
CLL NFRP elements are nested and the semiloop antenna is diagonally oriented to
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Fig. 16 A dual-band, asymmetric split, 3D magnetic EZ antenna for LEOS communications
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excite each element, has radiation efficiencies of 83.8 % and 97.5 %, respectively
(Lin and Ziolkowski 2010).

Another dual-band application is the desire to have both satellite positioning
(GPS) and communications. Highly compact, multifunctional antennas that can
communicate with satellites to accommodate both voice and data exchanges, while
providing GPS functionality, are of great interest for portable communication device
applications. For this reason, a dual-band GPS L1 (1575.42 MHz) and Global Star
(GS, 1610-1621 MHz) electrically small, planar NFRP antenna shown in Fig. 17
was designed (Jin et al. 2012). This antenna has, by choice (Jin et al. 2012), a square
footprint of 1.0 x 1.0 in. It was designed to be fabricated with the Rogers Duroid
4350 board material, which has a relative permittivity equal to 3.66, a loss tangent
equal to 0.004, a 0.762-mm substrate thickness, and a 0.017-mm (0.5 oz) copper
thickness.

To achieve the desired dual-band performance, two NFRP elements were incor-
porated with a single driven element. The two NFRP elements lie on one side of the
Duroid sheet; the driven element, which is coaxially fed, lies on the other side. The
NFRP elements are both top-loaded meander-line dipoles, which are rectangular
variations of the circular Egyptian-axe dipole NFRP elements introduced in Jin and
Ziolkowski (2010b). Both dipoles are the same except for the gaps between the
capacitive loads, i.e., the capacitances formed by the gaps between the ends of the
arrows. Because of the differences in the resulting capacitances, two independent
resonant frequencies were obtained. However, to avoid any unnecessary structural
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Fig. 17 Dual-band GPS L1/GS NFRP antenna with dimensions (in millimeters). (a) Top view. (b)
Side view

overlaps and to keep the NFRP elements in a one-layer layout, the meander lines
were introduced on their legs to increase the overall inductance while allowing a
decrease in the requisite capacitances provided by their gaps and still maintaining the
desired operating frequency. Furthermore, the NFRP elements are oriented orthog-
onal to each other. This necessitates the overlapping of these elements at the center of
the square. It also required the introduction of the driven bowtie antenna (orange),
which facilitates electric coupling to each NFRP element. Because the two dipoles
are perpendicularly oriented, they operate essentially independently even though
they are connected. The red (horizontal) dipole in Fig. 17a has a larger gap (G1) and
is thus resonant at the GS band. The blue (vertical) dipole has a smaller gap (G2) and
thus operates at the GPS L1 band.
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Fig. 18 CP protractor antenna. The CP behavior is achieved at a frequency between two closely
spaced resonances through a 90° phase shift obtained between their input reactances

CP Antennas

Another functionality that has been added to the NFRP antenna paradigm is circular
polarization (CP). In all of the cases noted above, the antennas are linearly polarized
(LP). To achieve a CP system with a single feed in an electrically small package, one
needs two orthogonal dipole radiators with an effective 90° phase shift between
them. This behavior was realized with the protractor antenna system shown in
Fig. 18. It is a GPS L1 CP design (Jin and Ziolkowski, 2011) with ¢ = 15 mm;
Jres = 1575.4 MHz giving ka = 0.495; a 89.2 % overall efficiency; a 29.3 MHz (—10
dB) bandwidth; a 7.2 MHz CP bandwidth; and an axial ratio equal to 0.26. Each
protractor element produces a magnetic dipole parallel to the ground plane. One is
tuned to be resonant below the desired operating frequency and thus creates an
inductive reactance at it. The other is tuned to be resonant above the desired
operating frequency and thus creates a capacitive reactance at it. Because these
protractor NFRP elements are orthogonal to each other, their resonances can be
tuned independently to generate the 90° phase shift between them necessary for the
CP behavior.

Similarly, the planar (no ground plane) GPS L1 design shown in Fig. 19 was
obtained (Jin and Ziolkowski 2010b). It has ka = 0.539 at 1575.4 MHz, an overall
efficiency of 85 %, a 31.4 MHz (—10 dB) bandwidth, a 7.2 MHz CP bandwidth, and
an axial ratio of 0.66. It makes use of the same phase shift paradigm but with two of
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Fig. 19 A GPSLI1 CP
antenna consisting of two
dipole NFRP elements and a
driven printed dipole antenna.
The CP behavior is achieved
at a frequency between two
closely spaced resonances
through a 90° phase shift
obtained between their input
reactances. This Rogers
Duroid™ 5880 design
consists of three metal and
two dielectric layers. The
NFRP elements are on the
outside faces of the dielectric
layers; the printed dipole lies
between those dielectric layers
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Fig. 20 Geometry of a GPS L1, CLL-based NFRP CP wire antenna whose coax-fed semi-loop is
rotated o with respect to the ZY-plane. The two CLL NFRP elements have two closely spaced
resonances; the requisite 90° phase shift between their input reactances is obtained by tuning the
angle o between the driven semi-loop antenna and the NFRP elements

the Egyptian axe NFRP elements shown in Fig. 14b and a driven printed dipole
antenna. On the other hand, an electrically small wire, GPS L1 CP antenna, shown in
Fig. 16, has been obtained (Lin et al. 2011) using two CLL-based wire NFRP
elements driven by a coaxially fed semiloop antenna. It has ¢ = 15 mm giving ka
= 0.495 at f,.,, = 1575.4 MHz, a 96.9 % overall efficiency, a 30.7 MHz (—10 dB)
bandwidth, a 7.9 MHz CP bandwidth, and an axial ratio of 0.6. The requisite phase
shift is obtained by tuning the angle between the semiloop antenna and the NFRP
elements (Fig. 20).
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In the same manner, the GS/GPS antenna shown in Fig. 17 was modified to
achieve the CP GPS-L1 version shown in Fig. 21, i.e., by simply tuning the
resonances of each NFRP element to the requisite values. The axial ratio is minimum
at 1.580 GHz with a value AR = 0.84. The overall efficiency at this frequency was
73.41 %. The corresponding peak directivity was (1.88 dB).

Multifunctional Designs

The multiband and CP aspects have been combined together (Jin and Ziolkowski
2011) into the dual-band GPS L1/L2 protractor antenna whose design is shown in
Fig. 22a and whose fabricated prototype is shown in Fig. 22b. It was found possible
to interleave two pairs of protractor NFRP elements with the appropriate phasing
between the resonances to produce CP at both the GPS L1 and L2 frequencies with a
single feed structure. As depicted in Fig. 22a, one can see in Fig. 22b the two pairs of
protractor elements lying on two pieces of Rogers Duroid™ 5880, which are
oriented orthogonal to each other and to the finite copper ground plane. The initial
experiments have demonstrated the basic operating principles, including the high
overall efficiencies and the CP behavior (Jin and Ziolkowski 2011).

Planar multiband, CP GPS antennas have been obtained (Ta etal. 2012, 2013a, b, ¢)
as variations of the designs shown in Figs. 17 and 21. The version shown in Fig. 23
covers the GPS L1-L5 bands. The primary radiating elements are two crossed
printed dipoles, which incorporate a 90 phase delay line realized with a vacant-
quarter printed ring to produce the CP radiation and broadband impedance
matching. To achieve multiple resonances, each dipole arm is divided into four
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Fig. 22 Dual-band CP GPS L1/L2 NFRP antenna. (a) HFSS design (the L1 and L2 bands are
associated, respectively, with the blue inside and red outside NFRP elements), (b) fabricated

prototype

branches with different lengths, and a printed inductor with a barbed end is inserted
in each branch to reduce the radiator size. An inverted, pyramidal, cavity-backed
reflector is incorporated with the crossed dipoles to produce a unidirectional
radiation pattern with a wide 3-dB axial ratio (AR) beamwidth and a high front-
to-back ratio. This multiband CP antenna has broad impedance matching and 3-dB
AR bandwidths covering the GPS L1-L5 bands.

Elemental Huygens Sources

Using the same NFRP element principles, an electrically small, elemental Huygens
source can be obtained (Jin and Ziolkowski 2010b). It requires the combination of an
electric and a magnetic dipole. A GPS L1 planar design that combines the Egyptian
axe NFRP element for the electric dipole and two NFRP protractor elements to
achieve a similar amplitude magnetic dipole is shown in Fig. 24a. It is a Rogers
Duroid™ 5880 design consisting of three metal and two dielectric layers. The NFRP
elements lie on the outside faces of the dielectric layers; the driven printed dipole
antenna lies between those dielectric layers. It has ka = 0.46 at f,,, = 1475 MHz, a
85.9 % overall efficiency, and a 23.2 MHz (—10 dB) bandwidth. The HFSS-
predicted 3D directivity pattern at this resonance frequency is shown in Fig. 18b.
It has a maximum directivity of 4.5 dB and a 17.1 dB front-to-back ratio. The ideal
maximum is 4.77 dB (i.e., a directivity of 3).

Using these concepts, a Huygens source nanoparticle laser has been designed
(Liberal et al. 2014). The design is a three-layer, 120 nm outer-radius, nanoparticle
consisting of a gain impregnated silicon core, a silver (ENG) shell surrounding it,
and a gain impregnated silicon outer coating. At visible wavelengths, the high
permittivity of silicon allows the appearance of a magnetic dipole mode in addition
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Fig. 23 (continued)
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Fig. 23 Geometry of the multi-branch, asymmetrically barbed, crossed dipoles. (a) Top view; (b)
vacant-quarter printed-ring and dipole arm; and (¢) side view, including the cavity-backed reflector
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Fig. 24 An electrically small Huygens source that combines equal amplitude electric and magnetic
dipoles and nearly achieves the maximum possible directivity. (a) HFSS design (the effective
electric and magnetic dipoles are depicted in the insert), and (b) HFSS-predicted 3D directivity
pattern
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to the electric one. The former is associated with the outer shell; the latter with the
core. By tuning the radius and gain constants, a proper balance of the electric and
magnetic dipole modes is obtained. Lasing with a directivity of 3 in the forward
scattering direction with respect to the exciting field occurs at 673.1 nm.
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Non-Foster Electrically Small Antennas

As noted previously, there is an upper bound on the bandwidth of a passive electrically
small antenna. As noted, recent efforts (Gustafsson et al. 2009; Yaghjian and Stewart
2010) have led to improved versions of the original Chu limit. Nevertheless, as Eq. 2
indicates, the fractional bandwidth basically decreases as (ka)® when ka becomes
smaller. Moreover, it also indicates that one can obtain more bandwidth simply by
reducing the radiation efficiency, i.e., by introducing more loss into the antenna.
Another more complicated approach is to combine together multiple radiating elements
with slightly different but overlapping resonance frequencies. It was found that some
care must be exercised in this strategy. If the NFRP elements are too tightly coupled, the
resonances tend to merge together and produce an even narrower bandwidth response.
Moreover, it is usually difficult physically to squeeze several elements into an electri-
cally small footprint. A variety of metamaterial-inspired electrically small antennas
have been designed with Q factors that reach the fundamental bound (Best 2004, 2005,
2009; Kim et al. 2010; Kim 2010). Note, however, that even if an antenna reaches the
upper bound, that bound is extremely small and the bandwidth cannot surpass it.

A method to overcome the passive bound is to introduce active elements into the
antenna system. As shown in Fig. 25a, the standard approach (Aberle and Loepsinger-
Romak 2007; Sussman-Fort and Rudish 2009) is to introduce an active matching circuit
that produces the necessary resistance and reactance variations to maintain matching of
the antenna to the source over a large bandwidth. Because of the sensitivity of active
circuits, this becomes both a rather difficult design task and realization issue. In contrast,
a metamaterial-inspired paradigm is to introduce the active element internally, integrat-
ing it with the NFRP element. This internal matching circuit approach, illustrated in
Fig. 25b, has led to several successful designs (Jin and Ziolkowski 2010a; Zhu and
Ziolkowski 2011, 2012a, b, 2013; White et al. 2012; Mirzaei and Eleftheriades 2013).

Consider the NFRP antenna shown in Fig. 26. This canopy antenna was designed
(Jin and Ziolkowski 2010a) to approach the Chu-Thal limit. The legs of the canopy
are lumped element inductors; the canopy is a copper spherical shell cap. With
passive inductors, ka = 0.047 designs with O =1.75 Qcy,, = 1.17 Oy, have been
obtained with high overall efficiencies.

It was demonstrated further, as with the Z antennas, that the antenna resonances
can be tuned over a frequency band with the same physical structure by varying only
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Fig. 25 Introducing active elements into an antenna system allows one to overcome the passive
bounds on its bandwidth. (a) External active matching circuit, and (b) internal active matching
element
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Fig. 26 Canopy antenna
design. The NFRP element
consists of four vertical legs
(green), each being a lumped
element inductor, and a
copper spherical cap (red).
The driven element is a
monopole (blue) coaxially fed
(yellow) through the ground
(xy) plane. Efficient designs
with ka = 0.047 at 300 MHz
when the inductor is passive
have bandwidths that
approach the Chu-Thal limits
and exhibit over 10 %
bandwidth when an active
inductor is used

Inductor b

Fig. 27 Non-Foster-augmented Egyptian axe dipole (EAD) antenna to realize an efficient, elec-
trically small antenna with large instantaneous impedance bandwidth. (a) Isometric view of the
HFSS model, and (b) top and (c) bottom views of the fabricated and measured prototype

the value of the inductors. It was found that with this frequency-agile behavior, the
inductor value decreases with an increasing resonance frequency, i.e., to achieve a
larger instantaneous bandwidth, the inductor would have to be an active non-Foster
element. Such an active inductor was designed with a Linvill-based negative imped-
ance convertor (NIC) (Linvill 1953). HFSS simulations demonstrated a 10 % frac-
tional bandwidth at 300 MHz was possible when ka = 0.047, nearly a thousandfold
improvement over the passive design. This active design provides a different
paradigm from the traditional non-Foster approaches. In principle, it requires only
non-Foster reactive matching without any resistive matching. This simplifies the
requirements on the active element considerably. This design is analogous to the
original active analytical solution that produced a large fractional bandwidth for the
idealized metamaterial-based, gain impregnated core-shell NFRP element, dipole-
driven antenna system (Ziolkowski and Erentok 2007).

To test these non-Foster-augmented, metamaterial-inspired antenna concepts,
the Egyptian axe dipole antenna shown in Fig. 27a was designed, fabricated, and
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tested. A lumped element inductor, which is placed across the gap centered in the
NFRP element, is treated as a tunable element. The ka = 0.444 EAD design for
300 MHz was obtained initially. Its frequency-agile behavior was then determined
by varying the inductor value. The resulting non-Foster reactance was matched with
a two-BJT Linvill NIC circuit. This circuit was then incorporated into the NFRP
element as shown in Figs. 27b and c. The measured instantaneous impedance
bandwidth was improved by a factor of 6.2 and was about a factor of 4 greater
than the passive upper bound (Zhu and Ziolkowski 2012b, 2013). Similar perfor-
mance improvements were obtained for a non-Foster-augmented protractor antenna
(Zhu and Ziolkowski 2012a).

As with any active element, the stability of a non-Foster element is a significant
practical issue. Component and fabrication tolerances can adversely affect the
system enough that it will become unstable. It has been demonstrated that a key
test of stability is to consider the time-domain response of the entire system — the
non-Foster circuit and the antenna system augmented with it. Growth in time of any
frequency component is an indicator of an instability. The stability of the NIC
circuits and their integration with the EAD’s radiating elements was confirmed in
this manner before it was verified by experiment (Zhu and Ziolkowski 2013).

The internal non-Foster design paradigm has been extended to enhance not only
the impedance bandwidth but also the directivity bandwidth (Tang et al. 2013). This
was accomplished by introducing yet another NFRP element, augmenting it with a
non-Foster element, and tuning it to act like an AMC surface. This approach also
provided a solution to the holy grail of electrically small antennas: a design that
exhibits simultaneously high efficiency, high directivity, impedance matching, and
large front-to-back ratio (FTBR) over a broad instantaneous bandwidth. This
antenna configuration is shown in Fig. 28 (Ziolkowski et al. 2013). The EAD
antenna is augmented with an inductor-based NIC; it is integrated with a slot-
modified parasitic disk that is augmented with a capacitor-based NIC.

The HFSS-simulated performance characteristics of this electrically small, ka =
0.94, system include a radiation efficiency > 81.63 %, directivity > 6.25 dB, FTBR
> 26.71 dB over a 10.0 % fractional bandwidth. This yields a directivity-to-quality
factor ratio which is greater than 10 times the fundamental upper bound: (D/Q) >
10 X (D/Q)pare Eap- These results are illustrated in Fig. 29. The directivity patterns in
Fig. 29a have the characteristic cardioid pattern. This behavior persists over the
bandwidth of the system. Consequently, it confirms that the parasitic disk acts as a
broad-bandwidth AMC element. The other performance characteristics in Fig. 29b
demonstrate a rather uniform behavior of the various performance characteristics
over the entire bandwidth of the system.

Summary
As more has been learned about metamaterials and their electromagnetic properties,

a variety of metamaterial-based and metamaterial-inspired antenna systems have
been developed from RF to optical frequencies. Their metamaterial constructs have
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Fig. 28 EAD antenna integrated with a slot-modified, parasitic copper disk. (a) Isometric view,
and (b) zoom-in view of one of the capacitor-augmented slot regions

led to enhanced performance characteristics. An electrically small antenna paradigm,
the metamaterial-inspired near-field resonant parasitic (NFRP) antenna, is an exam-
ple. It has provided realizations of a wvariety of interesting multifrequency,
multifunctional designs whose input impedance can be nearly completely matched
to the source and that exhibit high radiation efficiencies. The different coupling
mechanisms between the driven and NFRP elements provide extra degrees of
freedom to tailor the currents that produce the radiated fields. Both planar and
volumetric loadings of space are possible with the NFRP elements, leading to
more flexibility in antenna designs. The introduction of internal non-Foster elements
provides a means to overcome the physical constraints associated with passive
systems, e.g., a path to large instantaneous bandwidths. Moreover, the recognition
that non-Foster-based elements can also be used to modify other antenna properties
provides yet more design degrees of freedom. In particular, it allows one to design an
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Fig. 29 Performance characteristics of the EAD antenna augmented with an inductive NIC and
with a slot-modified, parasitic copper disk integrated with capacitive NICs. (a) E- and H-plane
directivity patterns for the fully NIC-augmented EAD antenna at f,.; = 300 MHz, and (b)
simulated D, G, Gicalizeq> and RE values versus the resonance frequency. The cyan shaded region
represents, for easy reference, the instantaneous BW; 4 region.

electrically small antenna with simultaneous high efficiency, high directivity, large
front-to-back ratio, and nearly complete impedance matching over a large instanta-
neous bandwidth, i.e., active metamaterial constructs have provided the means to
overcome the usually assumed performance characteristic trade-off approach to
small antenna design.

At the heart of any wireless system is an antenna. Metamaterials, whether
explicitly introduced into an antenna system as physical constructs or implicitly
introduced using their often exotic properties to guide specifics of a design, have
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provided exciting new opportunities to antenna engineers to meet the needs of a
continually increasing demand for wireless products. Given slightly more than a
decade of experience with the engineering applications of metamaterials, there is a
great hope that they may be able to provide additional degrees of freedom for the
design of many different forms of electromagnetic systems from DC to light.
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