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A Hybrid Optimization Method to Analyze
Metamaterial-Based Electrically Small Antennas
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Abstract—A model of an idealized radiating system composed
of an electrically small electric dipole antenna enclosed in an elec-
trically small multilayered metamaterial shell system is developed
analytically. The far-field radiation characteristics of this system
are optimized using a GA-MATLAB based hybrid optimization
model. The optimized-analytical model is specifically applied to a
spherical glass shell filled with a ‘“cold plasma” epsilon-negative
(ENG) medium. These analytical results are confirmed using
ANSOFT HFSS and COMSOL Multiphysics simulations; these
numerical results include input impedance and overall efficiency
values not available with the analytical model. The optimized-ana-
lytical model is also used to achieve electrically small nonradiating
metamaterial-based multilayered spherical shell designs. The opti-
mized shell properties are exploited to obtain multiband radiating
and nonradiating response characteristics. Dispersion properties
of the ENG materials are also included in all the analytical models;
the bandwidth characteristics of these systems are discussed.

Index Terms—Electrically small antennas, genetic algorithm
(GA), metamaterials, optimization methods.

I. INTRODUCTION

NTENNAS that are electrically small, efficient, and

have significant bandwidth would fulfill many of today’s
emerging wireless technology requirements, especially in the
areas of communications and sensor networks [1]-[34]. It
is well known that an electrically small electric dipole an-
tenna’s complex input impedance has a very small radiation
resistance and a very large capacitive reactance making it an
inefficient radiator [1]-[19]. Consequently, to obtain a high
radiation efficiency, considerable effort must be expended
on a matching network that produces an impedance that is
conjugately matched to the dipole’s impedance. A matching
network is incorporated that forces the total reactance to zero
by introducing a very large inductive reactance which cancels
the very large capacitive reactance of the electrically small
electric dipole antenna, and that then matches the resistance
of this resonant system to the feed network. In another words,
it forces the input resistance of this resonant system to be
equal to the source impedance value, e.g., 50 €. There have
been a wide variety of other approaches to achieve electrically
small antennas including clever packing of resonant antenna
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elements into a small volume using natural geometrical con-
figurations [12]-[15], fractal curve antennas [20]-[23] and
space-filling curve antennas [24]-[27]. Very nonintuitive struc-
tures generated with optimization approaches have also been
considered successfully [28]. Recently, a different paradigm
for achieving an efficient electrically small antenna (EESA)
that has interesting bandwidth characteristics was reported
[35]. Metamaterial-based antenna systems can be designed
to integrate simply an electrically small dipole antenna with
the appropriate single negative (SNG) spherical shell system
(electric dipole-epsilon negative (ENG) shell system, magnetic
dipole-mu negative (MNG) shell system) [35]-[38] or the
corresponding double negative (DNG) spherical shell system
[29] to achieve simultaneously a large overall efficiency and
a large fractional bandwidth for hypothetical homogenous
dispersionless metamaterial media.

It has already been shown that a single suitable metamaterial
layer is sufficient to provide the required impedance matching
which would enable an electrically small antenna to radiate effi-
ciently into the far-field region [35]. This research work general-
izes the electrically small dipole-single metamaterial spherical
shell system to an electrically small dipole-multilayered meta-
material spherical shell system. An analytical model for an in-
finitesimal electric dipole antenna-multilayered metamaterial-
based spherical shell system is developed and is combined with
a hybrid optimization method to maximize the far-field perfor-
mance. The analytical model allows a complete understanding
of both the near- and far-field behavior of this antenna system.
The proposed optimization approach is a combination of the ge-
netic algorithm (GA) and the MATLAB optimization toolbox
to achieve a simple but effective and user friendly optimization
model. Section II describes the GA and MATLAB optimiza-
tion details and provides extensive performance comparisons
with previously published results. Section III discusses a spe-
cific application of the developed analytical model to an electri-
cally small electric dipole antenna in the presence of a spherical
glass shell filled with a “cold plasma” ENG medium. A finite nu-
merical model of the corresponding coax-fed monopole within
the same multilayered (glass-ENG-glass) system was also sim-
ulated using ANSOFT’s High Frequency Structure Simulator
(HFSS) and COMSOL’s Multiphysics package. The numerical
models are used to confirm the analytical model’s results and
to obtain an accurate calculation of the input impedance and
the associated overall efficiency. It will be demonstrated that a
properly designed electrically small coax-fed monopole-(glass-
ENG-glass) shell system will produce a resonant configuration
whose total reactance is zero and whose radiated power is a max-
imum and that the resistance of this resonant configuration can
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be readily matched to the source impedance to achieve a high
overall efficiency. The impact of dispersion on the bandwidth
and quality factor of this resonant system is also discussed. In
Section IV the analytical model is used to demonstrate that a
multilayered ENG spherical shell system can be designed to
achieve both efficient and electrically small multiband radiating,
as well as nonradiating, systems. Both lossless and lossy dis-
persive media effects are considered. It is further shown that
the number of radiating or nonradiating frequencies depends
on the number of shell layers and the values of their relative
permittivities. It is also discussed how the multilayered meta-
material spherical shell systems can be used to reduce the mu-
tual coupling in an electrically small dense array of radiators. A
summary of the various optimized metamaterial-based electri-
cally small antenna systems considered in this paper is given in
Section V.

We note that an ENG shell may be realized artificially with
metamaterials or naturally with plasmas. In contrast to previous
considerations of the basic dipole-shell configuration for both
source and scattering applications [39]-[43], the present work
emphasizes the multilayered resonant configurations that exist
even when the system is electrically small. Negative permittivity
metamaterial element designs to achieve the requisite properties
discussed below are in progress and are beyond the scope of this
presentation.

As a matter of definitions to be used throughout this paper, an
exp(+jwt) time dependence is assumed throughout. In agree-
ment with the definition given by Best in [13], an electrically
small antenna in free space is defined by the constraint that
kre < 1.0 (kr. < 0.5), where 7. is the radius of the smallest
sphere (hemisphere) enclosing the entire system and & = 27/
is the wave vector corresponding to the free space wavelength
A = ¢/ f, f being the frequency of operation and c is the speed
of light. Thus, for the target frequency of interest here, fy =
wp /27w = 300 MHz, the free space wavelength Ao = 1.0 m; and,
consequently, the effective radius of the system must be smaller
than the value . = 1.0/(2r) = 15.916 cm = 159.16 mm
(r. = 79.58 mm) to meet this electrically small criterion. The
infinitesimal electric dipole, in all of the analytic cases, is driven
with a 1.0 A current across its terminals; the more realistic
coax-fed monopole antenna is driven with a 1.0 W input power
in all of the numerical cases.

II. OPTIMIZATION METHODS

The geometry of an electrically small electric dipole antenna
in the presence of a multilayered metamaterial spherical shell
system is shown in Fig. 1. The electrically small dipole antenna
is oriented along the z-axis and is positioned at the center of a
set of NV concentric metamaterial spherical shells. The dipole
produces the fundamental, TM;,, radial transverse-magnetic
mode. The first interior region where the dipole is located and
the region exterior to the metamaterial shells are assumed to
be free space. The radius of the first spherical region is always
greater than the half-length of the dipole, thus entirely covering
the antenna with a free space medium. The multilayered spher-
ical metamaterial shells are modeled as NV consecutive spheres

Regionn . I z
x &=y

Region n -1

Region 3
Region 2

Fig. 1. Geometry of the electric dipole-multilayered metamaterial shell system
centered at the origin.

with monotonically increasing radius values. The electric per-
mittivity (¢, ) and the magnetic permeability (u,.) of each spher-
ical shell layer and the radius of each shell can be modeled as
optimization parameters. This choice allowed the analysis of all
four possible media choices, i.e., double-positive (DPS), ENG,
MNG, and DNG media, for each of the metamaterial layers and
spherical shell sizes.

A user friendly and robust optimization method that can
calculate the optimum spherical shell radius size(s) and/or
the medium parameter(s) for each metamaterial shell that will
generate the maximum far-field radiated power is desired. The
optimization of such a multilayer metamaterial shell system,
however, proved to be a difficult task due to the extremely large
E- and H-field changes which occur at the metamaterial shell
boundaries, e.g., at the DPS-SNG or DPS-DNG interfaces. It
has already been demonstrated that these high E- and H-field
changes across these boundaries can indeed lead to unusual
performance characteristics of these systems [34]. The opti-
mization of a multiparameter EM problem is highly nonlinear
and requires a robust method that will produce global maxima.
One of the most well known and user friendly optimization
package is provided by the MATLAB optimization toolbox.
The MATLAB optimization package, however, provides only
local optimization methods with the final optimization values
depending on the initial guesses of the solution vector. It also
requires the user to supply the possible solution parameter
ranges, including both their lower and upper boundaries.

A. Genetic Algorithm

The MATLAB optimization package would be a perfect fit to
accomplish our goal if it were possible to determine the solution
boundary constraints prior to the MATLAB optimization cycles.
GAs provide an effective alternative. They are stochastic opti-
mization techniques based on the genetic principles of natural
selection and evolution theory [44]. They use a fitness function
to relate the physical problem of interest to a GA and examine
the survival chances of the possible solutions in the evaluation
process. The GA optimization process begins with a random ini-
tialization of the potential solutions to create the problem space.
The populations of the chromosomes, a potential solution for the
optimization problem using a string of optimization parameters
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specified by the design problem, are evaluated with the user de-
fined fitness function. The better-fit individuals identified in this
process survive for the next generation. An optimization scheme
that uses massive population sizes in principle could provide the
general behavior of a metamaterial-based antenna-shell system
for a large variety of possible solution parameters. The GA op-
timization results thus represent one possible solution for the
need to obtain desirable upper and lower bounds on the solu-
tion parameters which could then be used to calculate the max-
imum far-field radiated power using the MATLAB optimization
package.

The GA library is obtained from [45], a public-domain site
that provides GA algorithm tools which can be used to build
an optimization program. The GA library includes many C++
based algorithms that perform a general variety of optimiza-
tion schemes using various representation and genetic operators.
This present research effort did not include the development of
new GA algorithms, but rather it relied on the utilization of ex-
isting GA techniques to obtain accurate solution space bound-
aries. The developed GA optimization algorithm was thus lim-
ited to the routines already available at the GA library website.
A detailed efficiency and CPU time analysis of the algorithm
strictly depends on the choice of the GA algorithm parameters;
and, consequently, the overall performance of the developed al-
gorithm was not tested. The possible solution space was created
using discrete real numbers, where the number of the possible
solutions, i.e., the optimization resolution, in the given solution
space was set by the user.

The GA application to the metamaterial-based antenna-shell
system uses several independent populations with a predeter-
mined number of individuals that are evolved for a given gen-
eration size to obtain the maximum far-field radiated power. In
each population, the optimization process is carried out sepa-
rately from the other parallel populations. A crossover rate of
60% and a mutation rate of 7.5% were applied to each pop-
ulation. The default GA library UniformCrossover and Swap-
Mutator tools were used to produce the children and the muta-
tions, respectively. The best user-defined number of individuals
from each population was migrated to a neighboring population
providing a master population constructed with individuals from
each independent population.

While the GA determines the conditions on the evolution
process, it is the fitness function that selects the best individ-
uals from each population. A fitness function that enables us
to quantify the metamaterial-based antenna-shell system’s far-
field radiated power characteristics for different metamaterial
shell sizes and medium parameter values is given below, i.e.,
the radiated power ratio (RPR) introduced in [35]:

Pyith shen(1 A input current)

RPR = 10 logy, (dB)

ey
i.e., it is the dB value of the ratio of the total power radiated
by the infinitesimal dipole antenna driven with a 1 A current
in the presence of the spherical shell system to the total power
radiated by the infinitesimal dipole antenna driven with a 1 A
current in free space. It is also possible to use more complex
fitness functions using cosine or sine functions to obtain faster

Puithout shell(l A iHPUt CuI’I‘th)
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convergence [46]. The RPR value is a metric that is used for the
analytical solution to quantify the effect on the radiated power of
the metamaterial shell when the metamaterial-based antenna is
compared with the antenna itself in free space. One could com-
pare the metamaterial-based antenna system to an antenna of
the same size; but since the outer shell radius is generally only
a factor of two larger than the half-length of the antenna, the
RPR value would be decreased only by log(4) = 0.602 dB. The
RPR as defined by (1) gives a one-to-one comparison between
the metamaterial-based and the bare antenna systems. It is noted
that when additional comparisons are made, such as the quality
factor of the system, the maximum radius of the system is used.
This eliminates any advantages of the metamaterial-based an-
tenna system that could arise from its size. It is also noted that in
all of the cases discussed in this paper, the same electrical-sized
system with the metamaterial shell replaced by a DPS medium
was also tested; and no resonance effects were found.

We first considered a known three-layered, DPS-ENG-DPS,
spherical shell system that was introduced in [35] to study how
the GA library tools affect the performance of the optimiza-
tion process. The metamaterial shell system consisted of three
concentric spherical shells for which the first and third regions
were taken to be free space, i.e., the overall system was effec-
tively a single spherical metamaterial shell. The second region
was assigned as an ENG medium with a relative permittivity
that was optimized to obtain the maximum total radiated power.
The relative magnetic permeability of each region was assumed
to be that of free space, i.e., in every region y, = 1. The inner
and outer radius values of the system were set to 10 mm and
18.79 mm, respectively. The driving frequency of the antenna
was taken to be fo = 300 MHz. The total length of the dipole
was assumed to be [ = 10.0 mm = \g/100. The relative per-
mittivity of the ENG medium was assumed to be idealized, i.e.,
homogeneous and frequency independent. Thus the ENG region
was first treated as a nondispersive, homogeneous layer.

A survey of the different numerical results suggested that the
GA global maxima value is most sensitive to the initial discrete
parameter resolution and the number of parallel populations.
The solution space for the permittivity in the ENG medium was
created between 0 and —10 using 0.0001 incremental steps, and
massive parallel population numbers were enforced to deter-
mine the possible global maxima range. The final optimization
scheme included 150 populations with 200 individuals in each
population that were evolved for 300 generations.

Our goal of finding an appropriate solution space for the
MATLAB optimization package using the GA-based optimiza-
tion method produced a completely different radiation result
that was at least 10 dB larger than the previously published
maximum RPR value [35]. This promising result confirmed the
first step in our hybrid optimization method, i.e., the optimized
relative epsilon value was first roughly calculated with the
GA method for a limited resolution. The optimized relative
permittivity value was then used to create a solution space for
the MATLAB optimization algorithm. It is, of course, possible
to use only a GA-based optimization method to obtain a global
maximum. Unfortunately, the antenna-metamaterial shell
system solution process becomes very complicated for prob-
lems including many regions; and in this case, the GA method
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will not satisfy our initial goal of developing a user-friendly
N -region optimization method.

B. MATLAB Optimization Toolbox

The MATLAB Optimization Toolbox provides tools for
general and large-scale optimization problems including
minimization, equation solving, and solving least-squares or
data-fitting problems. These functions all require a MATLAB
m-file that contains the fitness function for the optimization
problem. The MATLAB optimization toolbox provides local
optimization methods; and, thus, the final optimization values
depend on the initial solution vector and the solution space
of the optimization problem. Since the optimization routine
makes better decisions regarding step size than in an uncon-
strained case, an optimization design problem demonstrates
better convergence behavior with well-defined constraints.
[47]. The MATLAB optimization package does not require
any knowledge of specific optimization methods. It is robust
enough to provide accurate global maxima for well-defined
lower and upper bounds of the solution space.

The constraint minimization function, fmincon, computes the
constraint minimum of a scalar function of several optimiza-
tion variables starting at an initial estimate for each optimiza-
tion variable. The general definition of the finincon function is
shown with the following notation:

x = fmincon(objective function, zg, 4, b, Aeq, Beq,
1b, ub, nonlcon, options, P1, P2,...)

where x¢ is the initial estimate; A and b constrain the optimiza-
tion routine subject to the linear inequalities, e.g., A-x < b; Aeq
and Beq constrain the optimization routine function subject to
the linear equalities, e.g., Aeq-z < beq; Ib, and ub are lower and
upper bounds on the design variables; noncoln defines the non-
linear inequalities ¢(z) or equalities ceq(x); options specifies
the optimization parameters; and the parameters: P1, P2,...,
pass the problem-dependent parameters to the fitness function.
The optimization variables of the antenna-metamaterial-based
shell system, the medium parameters and the shell sizes, do not
depend on linear or nonlinear equalities. The fmincon defini-
tion thus requires only the initial estimate for the optimization
parameters and the boundary limitations of the solution space.
The initial estimate of the optimization parameters were ran-
domly assigned to provide a nonbiased optimization cycle. The
upper and lower limitations of the solution space were defined
by using a previously determined solution space. The GA-based
global maxima values always produced results that were be-
tween 0 and —1 for a large variety of multilayered geometries.
The optimization routines were supplied with a function — f,
where f is the function being minimized, and the same fitness
function given in (1) was used to evaluate the performance of
the system.

The GA-MATLAB hybrid optimization algorithm was first
tested with our initial 3 region, dispersionless ENG medium,
benchmark problem discussed above in Section II-A. The
MATLAB optimization routine produced a global maxima at
300 MHz, and the optimized relative permittivity was equal
to e, = —0.3389713. The Brute-force numerical results that
were published earlier estimated the relative permittivity result

| — MATLAB
| ==== Brute-force

Radiated Power Ratio (dB)

300
Frequency ( MHz )

295 310

Fig. 2. RPR values as functions of the source frequency obtained using the
MATLAB and the Brute-force optimization models for a{ = 10 mm infini-
tesimal electric dipole in a resonant, lossless dispersive ENG shell with r; =
10 mm and r» = 18.79 mm.

as ¢, = —3.0. These original results assumed a value of the
negative permittivity and the interior radius of the ENG shell,
while the outer shell radius was allowed to vary. Moreover, in
the original analyses it was generally assumed that £, < —1.
The original total radiated power value reported in [35] is 15 dB
smaller than the RPR value calculated here by the MATLAB
optimization routine, 77.17 dB, which identified the larger, but
still negative, relative permittivity value as the best one.

With the optimized relative permittivity value determined at
the target frequency, the well known Drude dispersion model
was incorporated into the analysis routine to obtain the corre-
sponding RPR values at different frequencies. A lossy Drude
behavior is given by the expression

w?

— P
ew)y=¢q |1 ol — 1) 2)
where w,, is the plasma frequency and I' is the collision fre-
quency. When the Drude medium is lossless, I' = 0, the
permittivity crosses zero at the angular frequency w = wp.
The target frequency of the antenna-metamaterial-based
shell system was 300 MHz, giving wy = 27 x 300 MHz.
Using a lossless Drude ENG shell with vy = 10 mm and
ro = 18.79 mm and with w, = 1.3389713 wo(w, = 4wp) to
give Rele,.(wp)] = —0.3389713(Re[e, (wp)] = —3), the RPR
values were computed with the MATLAB (the Brute-force)
method. These RPR values are shown in Fig. 2. The MATLAB
optimization RPR values were found to be larger and more
narrowband than the Brute-force generated values. The E-
and H- field distributions for these systems are compared in
Fig. 3. The MATLAB optimization results produced a dif-
ferent fundamental radiation mode that has a much different
near-field structure than was obtained with the earlier published
Brute-force results [35]. While both approaches identified a res-
onant dipolar form of the near field distributions, the E-field and
H-field distributions of the optimization-identified (brute force)
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Fig. 3. Comparison of the resonant electric and magnetic field distributions
generated at 300 MHz with the (a) MATLAB and the (b) Brute-force optimiza-
tion methods for a / = 10 mm infinitesimal electric dipole in the lossless dis-
persive ENG shell with ; = 10 mm and r; = 18.79 mm.

case were significantly larger at the inner (outer) DPS-ENG
interface. Moreover, the E-field distribution broadside to the
antenna had much less amplitude in the ENG shell region for
the optimization-identified resonance than it did in the brute
force case. The shift of the larger E- and H-fields to the smaller
radius inner DPS-ENG interface is immediately correlated with
the narrower bandwidth of the RPR values. These RPR values
are simply more sensitive to the source wavelengths when the
inner radius is emphasized.

III. FIVE REGION (THREE-LAYER METAMATERIAL SHELL)
ANTENNA SYSTEM

An electrically small electric dipole-multilayered ENG shell
system is an important example for which a robust optimization
method can play a significant role in the calculation of the op-
timum metamaterial shell sizes and permittivity values that will
produce its maximum RPR value. We considered one possible
application scenario with a five region, 3 metamaterial layer,
problem for which the first and fifth regions were taken to be free
space and the second and fourth regions were taken to be glass
layers with a relative permittivity of €, = 2.25. The third region
was treated first as a hypothetical dispersionless ENG medium,
where its relative permittivity was assumed to be homogeneous
and to be frequency independent with a value £, = —10.0. The
relative magnetic permeability of each region was assumed to
be that of free space, i.e., 4, = 1. The driving frequency of
the antenna was taken to be 300 MHz and the total length of
the dipole was again [ = \g/100 = 10 mm. To achieve such
a value of the relative permittivity in region 3, we considered it
to be filled with a cold plasma. Setting the collision frequency
I' = &wy, the plasma density required to produce a specific rel-
ative permittivity at the target frequency was

N, = 3.1437 x 107111 — &, rear(wo))(1 + €2)wi.  (3)

735

Glass

Cold Plasma
{ ENG Shell)
Ox
Gro\und F‘Iaanei i — Glass
—
y

Fig. 4. Geometry of the coax-fed monopole-(glass-ENG-glass) shell system.

The desired relative epsilon value in region 3, €, veat(wg) =
—10.0, can be obtained if a lossless plasma (& 0) were
contained between the glass layers that has the plasma density
Neres = 1.229 x 1070 cm™3. This plasma density is typical
of the gases contained in fluorescent light bulbs. The optimiza-
tion routine was then used to calculate the required ENG shell
thickness that produced the maximum total radiated power. The
final optimization configuration utilized the values: r; = 8 mm,
ro = 9 mm, r3 = (optimization parameter — 1 mm) and
ry = (optimization parameter). Thus the thickness of each
glass layer was set to 1 mm; and this value was fixed in the op-
timization routine. The solution space for the optimization pa-
rameter was constrained between 10 mm and 20 mm. The opti-
mized outer shell radius was 4 = 11.926569 mm; the resulting
configuration produced a RPR value of 74.598 dB.

A possible physical realization scenario corresponding to this
analytical 5 region (DPS-ENG-DPS shell)-antenna system is
shown in Fig. 4. The antenna is a coax-fed monopole in the
presence of a PEC ground plane that is enclosed with a DPS-
ENG-DPS hemispherical shell system. A finite element model
of this system was constructed. The HFSS simulation tool was
used to verify the accuracy of the analytical optimization result
and to explore the radiation behavior of the system with a fi-
nite radius antenna. The length and radius of the coax-fed, thin
cylindrical PEC monopole antenna were set to ¢« = 0.1 mm and
I = Ap/200 = 5 mm, respectively. The HFSS simulation re-
sults were monitored through the relative radiated power gain

(dB).

We note that a HFSS predicted RPG value is the true relative
gain and was achieved by feeding the monopole antenna with a
1 W wave-port source. The RPG values thus reflect the presence
of the input impedance mismatch and the radiation efficiency
of the system. Hence, it represents the overall efficiency
of the system. The RPG values are different from the RPR
values because the analytical model does not include the input
impedance mismatch or the physical effects of the size of the
antenna and its feedline. The HFSS coax-fed monopole-multi-
layered hemispherical model was also defined with r; = 8 mm,
r9 = 9mm, and 73 = r4 — 1 mm and with €5, = €4, = 2.25
and €3, real(wp) = —10.0. By varying the outer radius, 74,
the HFSS model produced a maximum RPG = 70.34 dB at
r4 = 11.909 mm. The slight difference between the numerical

Puwith shent(1 W input)
Pyithout shell(l W iﬂpllt>

RPG = 10log;, 4)
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Fig. 5. (a) Complex input impedance and (b) S+ values for the matched, res-
onant, electrically-small coax-fed monopole-(glass-ENG-glass) shell system as
functions of the source frequency. The ENG shell was modeled as a hypothet-
ical frequency-independent medium.

and the analytical solution values of 74 is due to the finite
capacitance introduced by the coax-fed monopole antenna, i.e.,
the ENG shell thickness must be adjusted to account for this
additional capacitance. The monopole antenna-multilayered
shell system parameters were then further optimized to improve
the overall efficiency of the entire antenna system. A coax-fed
monopole-glass-ENG-glass shell system that was matched to
a 50 € input source was finally obtained. It is defined by the
following dimensions: monopole antenna length = 4.1 mm,
monopole antenna radius = 0.6 mm and r4 = 11.928 mm.
The complex input impedance values of the overall system
at 300 and 310 MHz were Z;, = 35.15 — j x 38.38 Q2 and
Zin = 37.724 ), respectively.

Fig. 5 shows the complex input impedance and the S;; values
of the final optimized electrically small coax-fed monopole
antenna-(glass-ENG-glass) shells system for 37.724 and 50
source impedances. This optimized configuration produces a
resonant antenna response at f,.; = 310.26 MHz that results in
a 98.04% (99.99%) overall efficiency for the 50 €2 (37.724 2)

source. Using the HFSS predicted frequency-dependent input
impedance values and [16, Eq. (86)], the calculated Q value
for this hypothetical frequency-independent ENG shell-based
antenna system at 310.26 MHz was 15.516, significantly below
the Chu limit value [11]

1 n 1
(kors)®  kora

Qchu = = 2389. %)

Using the axi-symmetric finite element software tool in the
COMSOL Multiphysics package [48], we were able to resolve
the problem sufficiently to include dispersive effects in the ENG
shell. The finer resolution required a slight modification in the
geometry to achieve similar operating characteristics. In par-
ticular, with the same coax feed but with the monopole length
being £ = 4.064 mm; with the radii: 1 = 8 mm, 7o = 9 mm,
and r3 = 10.979 mm and r4 = 11.979 mm; and with the
relative permittivities: g9, = g4, = 2.25 and €3, = —10.0,
the resonance frequency for this frequency-independent ENG
shell case was found to be f..s = 310.45 MHz; and the input
impedance at that frequency was Z;, = 40.76 4+ j x 0.005 €2,
giving an overall efficiency equal to 98.97%. This configura-
tion had k,.s74 = 0.0727 and, hence, the ideal Q value was
Qcnn = 2616. Again, the actual Q value was obtained with the
calculated input impedance values and (86) from [16]. For this
frequency-independent case the Q value was 15.97, in very good
agreement with the HFSS predicted value. A lossless Drude
model

£r(w) = 1.0 = 11 (wyes /w)? (6)

was then introduced to describe the ENG shell as a dispersive
medium. It was designed to give €3, reat(wres) = —10.0 and,
consequently, the same overall efficiency at the resonance fre-
quency. However, because the numerical model could now re-
solve, in the presence of dispersion, the frequency behavior of
the input impedance near the resonance frequency, the corre-
sponding Q value could be determined accurately. It was found
that the Q value increased significantly to 4563 at this resonance
frequency, 1.74 times larger than the Chu value. On the other
hand, to understand the potential bandwidth properties of this
system, the lossless dispersion model

er(w) = 1.0 — 11 (wyes /w) 071 o

was also used to model the ENG shell and produce the same high
overall efficiency. Near the resonance frequency this dispersion
model satisfies the limiting behavior given by [49, (2.38)], the
Entropy condition

Oy(wey) >0 (8)

This condition follows from the requirement that the value of the
electric field energy be positive definite. The Q value obtained
with the ENG shell described by this dispersion-limit model was
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Fig. 6. RPR values as a function of the source frequency for a ! = 10 mm

infinitesimal electric dipole enclosed in a single ENG shell whose radii: r4
10 mm and r» = 18.79 mm. The permittivity of the ENG shell is described
by a frequency independent model, a lossless Drude model, and a lossy Drude
model.

only 2080, 0.79 times smaller than the Chu value. These disper-
sion-based results are in good agreement with those discussed
in [35] and [50].

IV. SINGLE AND MULTIBAND ELECTRICALLY-SMALL
ELECTRIC DIPOLE-MULTILAYERED METAMATERIAL-BASED
SPHERICAL SHELL DESIGNS

Advances in technology will continue to require smaller cir-
cuitry to further reduce the overall size of current wireless com-
munication and sensor systems. One approach to achieve this
reduction in size is to develop small, efficient and multiband
structures that will fit into restricted areas while simultaneously
accommodating the desired frequencies and high data rates. The
design of electrically small, high density systems is a difficult
task due to the large coupling that exists between the individual
radiating elements in the system when they are in close prox-
imity to each other. This coupling changes both the field distri-
butions and input impedances of each radiating element.

Consider again the optimized infinitesimal dipole-single
ENG shell system, but now with the ENG region described by
the lossless and the lossy Drude models. The RPR values for
this system when the ENG shell is described with the frequency
independent value €, = —0.3389713, with a lossless Drude
model (T' = 0) having ¢,(wp) = —0.3389713, and with a
lossy Drude model having I' = 107° wy while maintaining
Rele,(wp)] = —0.3389713, are shown in Fig. 6 as a function
of the source frequency. Fig. 6 demonstrates that these systems
are resonant and achieve their peak RPR values at the target fre-
quency. However, it also shows that for a particular frequency,
fnr = 347.1377 MHz, the system is essentially nonradiating
(NR). The RPR value at fxg = 347.1377 MHz is —78.19 dB.
The appearance of this NR behavior of this antenna system is a
natural consequence of the dispersion effects introduced by the
Drude model for the permittivity in region 3. Because the source
frequency approaches the plasma frequency as it increases,
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the relative permittivity value in the lossless case at the NR
frequency is nearly zero, i.e., £, (wyr) = 2.352 x 107° =~ 0.
This near zero permittivity causes the NR mode. Similarly,
even though the lossy Drude case has an RPR value smaller
than one (~—6 dB) at the NR frequency, it does not exhibit the
extremely small value obtained in the lossless Drude case. The
presence of even a very small amount of loss is enough to move
the relative permittivity value sufficiently away from zero,
which detunes this NR mode. We note that the frequency of the
NR mode can be shifted to any desired source frequency, such
as 300 MHz, by simply moving the zero crossing of the relative
permittivity to that frequency value. This is effectively achieved
by modifying the plasma frequency appropriately. A compar-
ison of the frequency independent permittivity results and those
obtained with the frequency dispersive ENG models show that
dispersion significantly impacts that bandwidth performance
of the system in agreement with previous observations of this
effect [35]—[38]. We note that while the introduction of losses
impacted the NR mode, the effect on the radiating mode was
significantly less.

Fig. 7 shows the E- and H-field distributions of the NR mode
at 347.1377 MHz for the optimized infinitesimal dipole-single
ENG spherical shell system. A comparison of these NR E- and
H-field distributions and the ones associated with the radiating
modes shown in Fig. 3 reveals several interesting behaviors. In
both cases, it is clear that the dipole mode is dominating the
behavior. Moreover, both the electric and magnetic fields have
large values that are concentrated across the ENG shell inter-
faces. In the strongly radiating case one finds that the electric
field in the interior sphere, the free-space region that surrounds
the anntena, is uniform and large. In contrast, while the electric
field in the interior sphere is also uniform in the NR mode, its
magnitude is nearly equal to zero. The electric field basically
becomes confined to the ENG shell in the NR mode. On the
other hand, the magnetic field becomes localized within the in-
terior shell. Additionally, the maximum electric and magnetic
field strengths are orthogonal to each other. Thus there is an ef-
fective decoupling of the electric and magnetic fields and this
causes the NR state of the system. Extensive numerical studies
suggest that indeed the main cause for this unique NR mode is
having the relative permittivity value close to zero with either a
positive or negative real value. The resonant antenna-metamate-
rial shell models have been shown to be sensitive [35] to changes
in the geometry and medium parameters. Without the guidance
obtained from the optimization approach to explore values of
the relative permittivity in the (—1, 0] range in the presence of
dispersion, such as the Drude model, these NR modes would
not have been identified. The NR mode reported here was not
noticed in our earlier studies [35] due to the use of frequency
independent material models and an emphasis on relative per-
mittivity values smaller than —1.

The desire for multiband radiating and nonradiating antenna
designs is another well-suited problem for the hybrid optimiza-
tion model introduced here. In particular, the medium character-
istics of a specified number of shells and their thicknesses can
be optimized to achieve a maximum or minimum RPR value at
some set of source frequencies. For example, we have consid-
ered another five region problem where the inner shell radius
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TABLE 1
OPTIMIZED PERMITTIVITY VALUES OF THE MULTILAYERED METAMATERIAL SHELL MODEL
T ) I3 Iy Region 2 | Region 3 | Region 4
(mm) | (mm) | (mm) | (mm) (&) (&) (&)
RPR Max at 8 9 10 11 -0.106 -0.415 -0.574
300 MHz
NR feature at 8 9 10 11 -9.97x10” | -0.415 -0.574
300 MHz
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Fig. 7. The behavior of the NR mode at 347.1377 MHz. (a) E-field distribution
and (b) H-field distribution.

was set to 1 = 8 mm and the thickness of each of the spher-
ical shell layers were fixed to be 1 mm. The first and fifth re-
gions were again taken to be free space. The relative perme-
ability of each region was assumed to be that of free space,
i.e., 4 = 1. The driving frequency of the antenna was taken
to be 300 MHz, and the total length of the dipole was set to
be ! = A\y/100 = 10 mm. The relative permittivity values of
the second, third and fourth regions were assigned as optimiza-
tion parameters, and the corresponding lower and upper solution

—— Optimizatied Multi-band System
-=== 1% Dip Shifted to 300 MHz

' i L L |
275 300 325 350 375 400

Frequency ( MHz )

)

225 250

Fig. 8. Optimized RPR values for a! = 10 mm infinitesimal electric dipole
in a five region, 3 layer dispersive ENG shell system. (a) Optimized multiband
result with the first RPR maximum at 300 MHz and (b) optimized multiband
result with first NR feature at 300 MHz.

space boundaries were set to [—1le — 5, —0.2],[—0.2, —1], and
[—0.2, —1], respectively. This infinitesimal dipole antenna-mul-
tilayered metamaterial shell configuration was then optimized
first to achieve a maximum RPR value at 300 MHz. Since we
now know that a NR feature will appear at a frequency above
the radiating mode resonant frequency (near to where the per-
mittivity approaches zero), it was then also straightforward to
shift this minimum RPR value to 300 MHz with a related choice
of the permittivity values. Plots of the RPR values as a function
of the frequency including the lossless Drude model for the dis-
persion of each region for these two cases, one with the first
radiating mode feature and one with the first NR mode feature
appearing at 300 MHz, are given in Fig. 8. The relative per-
mittivity values corresponding to these two cases are summa-
rized in Table I. As described in Section II, the first NR RPR
feature, again, can be judiciously shifted to the desired opera-
tion frequency. The other two nonradiating modes may be relo-
cated by using either a separate optimization problem empha-
sizing the frequency region of interest or simply the Brute-force
method. The NR modes for the optimized maximum RPR case
occur at 315.48, 356.95, and 376.49 MHz, respectively. The
E-field distributions of the infinitesimal electric dipole-multi-
layered spherical shell system for all of these NR modes are
shown in Fig. 9. We find that the NR E- and H-field distribu-
tions have essentially the same character at all of these frequen-
cies, i.e., the electric field is concentrated in an ENG layer and
the magnetic field is concentrated in the core region. However,
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Fig. 9. The NR mode field distributions for the infinitesimal dipole-3 multi-
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Fig. 10. The locations of the radiating and nonradiating resonant modes of
an infinitely small electric dipole in a three-layer Drude dispersive ENG shell
system can be shifted to any desired frequency in a specified frequency band of
interest using the Brute-force optimization approach.

one finds that only one of the layers will capture the NR elec-
tric field distribution for a given frequency, and thus each of the
NR modes corresponds to a different layer. The frequencies at
which the NR modes appear for the corresponding specified NR
location case are 300, 356.95, and 376.49 MHz, respectively.
The locations of the second and third NR features in this case
were designed to be at the same frequencies as the NR modes
in the peak-RPR-at-300 MHz case. We have found that » max-
imum RPR and, hence, n NR features can be obtained with an
n-multilayered system. The first n nonradiating RPR null fea-
tures are produced by the corresponding n near-to-zero relative
epsilon values in the n-layered metamaterial shell system. The
first NR mode is the result of the smallest relative epsilon value
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in the system. The relative permittivity values associated with
the next two NR modes have slightly increasing plasma fre-
quency values. The E-field distributions for thicker shell sizes
are slightly more complicated and are discussed further in [51].

The capability to target the frequencies at which the radi-
ating or nonradiating modes occur is simply accomplished using
the Brute-force optimization approach. The radiating (nonradi-
ating) maxima (minima) locations are adjusted by changing the
relative epsilon values that correspond to the maxima (minima)
of the RPR results. For example, the NR second and third modes
can be shifted to lower (higher) frequencies by reducing (in-
creasing) the corresponding plasma frequency, hence, the cor-
responding relative permittivity value in the different layers.
Fig. 10 demonstrates our capability of up and down shifting the
frequency locations of the RPR responses in a given frequency
window. This also demonstrates our ability to optimize the loca-
tions of the resonant radiating and nonradiating modes for multi-
band operation in a specified frequency interval.

V. CONCLUSION

An electrically small electric dipole antenna in the presence
of a multilayered metamaterial shell system was developed an-
alytically and the total radiated power of this system was op-
timized using a hybrid GA-MATLAB optimization approach.
The GA optimization results were used to obtain the upper and
lower solution space bounds that were required to calculate the
maximum total radiated power using the MATLAB optimiza-
tion package. The numerical studies demonstrated that the GA
global maxima value is most sensitive to the initial discrete
parameter resolution and the number of parallel populations.
While it would also be possible to use only a GA-based opti-
mization method to obtain a global maximum, the analytical so-
lutions for the N -layer metamaterial shell system, when NV gets
large, become much more complicated. The MATLAB toolset
provides a simpler optimization approach for this more compli-
cated antenna problem.

The MATLAB optimization model produced a global
maximum that is 15 dB larger than the earlier published
Brute-force method results at 300 MHz. In particular, they
revealed the advantages of exploiting the (—1,0) relative
permittivity (permeability) regime. Comparisons of the total
radiated power results and the electric and magnetic field
distributions generated by the system parameters identified
by the MATLAB and Brute-force models also revealed both
radiating and nonradiating modes, further proving the impor-
tance of the optimization model. A specific application of the
optimization model to the analytical solution of the dipole-
N-layer metamaterial spherical shell system was considered.
Particular emphasis was given to a spherical glass shell filled
with a “cold plasma” medium at 300 MHz. Both analytical
and HFSS numerical models were considered. An electrically
small coax-fed monopole antenna-(glass-ENG-glass) hemi-
spherical shell system was also constructed and simulated
numerically with a three-dimensional ANSOFT HFSS model
and a two-dimensional COMSOL Multiphysics axi-symmetric
model. The ENG shell was treated as a dispersive medium
in the analytical and COMSOL Multiphysics models; it was
treated as a frequency-independent medium in the HFSS



740 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 55, NO. 3, MARCH 2007

models. The analytical optimization, ANSOFT HEFSS, and
COMSOL Multiphysics simulation results showed very good
agreement for the frequency-independent ENG shell cases.
It was further demonstrated with the ANSOFT HFSS and
COMSOL Multiphysics models that this optimization-inspired
configuration produces a resonant antenna response (a total
input reactance equal to zero and a matched input resistance)
that resulted, respectively, in a 98.04% overall efficiency at
310.26 MHz and a 98.97% overall efficiency at 310.45 MHz for
a 50 €2 source. The COMSOL Multiphysics calculated Q value
for this antenna system at the resonance frequency, 310.45
MHz, for the assumed hypothetical frequency-independent
homogenous ENG medium, was 15.97 for k.sry = 0.0727,
significantly below 2616, the Chu limit value. The COMSOL
Multiphysics models that treated the ENG shell as a lossless
dispersive medium predicted the same overall efficiencies, but
significantly larger Q values. With a Drude dispersion model,
the Q value at this resonance frequency was 4563, 1.74 times
larger than the Chu value. With a dispersion-limit model, it
was 2080, 0.79 times smaller than the Chu value. These results
are in good agreement with related considerations reported
elsewhere [50] of the impact of dispersion on the Q values of
these electrically-small resonant systems.

Finally, a multiband radiating or nonradiating antenna design
was considered using the developed hybrid optimization model.
A five region, 3-layer dispersive spherical ENG shell system
was studied to understand the general radiation behavior of these
systems. The optimization results revealed that an N -layer shell
system can be designed to support /V radiating and N nonradi-
ating resonant modes. The RPR and field distribution results for
the 3-layer problem revealed the behavior of the location of the
frequencies of these radiating and nonradiating modes. It was
demonstrated that the NR mode locations were associated with
the near-zero permittivity values obtained through the Drude
model behavior in each layer. The magnetic field distributions of
the NR modes are concentrated in the interior sphere; the corre-
sponding electric field distributions are concentrated in the layer
having the near-zero permittivity value. This decoupling of the
electric and magnetic field behavior is responsible for the NR
mode. It was also shown that the frequency locations of the NR
modes for a multiband system can be shifted to lower or higher
frequencies by reducing or increasing the corresponding plasma
frequency and, hence, relative permittivity values of the layers.

We are currently exploring systems in which one can ex-
ploit these nonradiating modes. In particular, as will be shown
elsewhere, the coupling between two closely spaced electrically
small radiating elements can be reduced significantly by placing
an electrically small NR sphere between them. Ultra-dense ar-
rays of resonantly-enhanced metamaterial-based radiating ele-
ments can be achieved with these interspersed NR spheres; these
results will be reported elsewhere.
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