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Novel Material with Narrow-Band Transparency
Window in the Bulk

Chryssoula A. Kyriazidou, Member, IEEE,, Rodolfo E. Diaz, and Nicólaos G. Alexópoulos, Fellow, IEEE

Abstract—This paper presents the theoretical design of an arti-
ficial dielectric exhibiting narrowband frequency selective proper-
ties in the bulk without relying on periodic placement of elements.
In this manner, it initiates a novel approach that bypasses the draw-
backs of the traditional frequency selective surfaces (FSS), namely,
unwanted passbands, dependence on excitation angle and polar-
ization, and difficulties in conversion from planar to curved ge-
ometries. The key design elements are the concentric geometry of
the inclusions and the use of Lorentzian resonant media. A discus-
sion of physical resonant materials is presented, substantiating the
credibility of the theoretical design. To illustrate the approach, a
novel complex medium is synthesized as an ensemble of spherical
particles composed of a lossy core coated with a highly resonant
dielectric layer and embedded into a dielectric host. The resulting
structure is an amorphous substance, lossy over its entire spectrum
except for two narrow-band transparency windows, where it may
become as lossless as desired. The parameter space of the system is
thoroughly analyzed which determines the type of constitutive ma-
terials and geometries for tailor-designing the windows according
to specifications (shape, positioning and overall normalization). In
this sense, the lossy concentric structure forms an ideal candidate
for thin absorbing films (TAF’s) with extensive applications in an-
tenna systems, RF absorbers, and anechoic chambers.

Index Terms—Artificial dielectric, frequency selective surfaces.

I. INTRODUCTION

FREQUENCY selective surfaces (FSS) are periodic struc-
tures with bandfiltering characteristics, traditionally con-

structed either as periodically perforated metallic screens or as
arrays of metallic patches printed on dielectric substrates. Appli-
cations range from the microwave region in multiband antenna
systems, narrowband reflectors, radomes for active radar sys-
tems, RF absorbers [1]–[7], up to the far and near infrared por-
tion of the spectrum as mirrors in molecular lasers, polarizers,
and solar selective surfaces [8]–[10]. However, existing FSS
suffer from three major drawbacks. First, the conversion from
the desired design on a flat surface to the realistic curved sur-
face of the typical application requires extensive empirical cor-
rections. Second, because the surfaces use implanted elements
comparable in size to the desired wavelength, they can exhibit
unwanted passbands and grating lobe scattering at out-of-band
frequencies. Third, filtering characteristics vary with incidence
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angle and polarization, requiring special stabilization designs.
These drawbacks form the motivation for research into mate-
rials capable of exhibiting frequency selective properties in the
bulk without unwanted passbands or inherent limitation on their
topology, for use in radomes, reflectors, or specialized space fil-
ters.

This paper initiates a novel approach whereby narrowband fil-
tering properties are created from random composite structures
based on the physical resonant properties of the constituents and
the geometry of inclusions. In this manner, a bulk continuous
material rather than a lattice formation is used to manipulate
and shape the electromagnetic propagation. The novel artificial
dielectrics constitute conformal FSS to be applied by means of
a uniform coating process to simple planar or complex curvi-
linear shapes.

The approach is illustrated by a theoretical design for a
random mixture with frequency selective properties, character-
ized by a concentric geometry for the inclusions. The frequency
dispersion of the proposed composite is driven by the use of a
Lorentzian resonant dielectric as one of the constituent media.
The existence and availability of such resonant materials is
essential for the physical realization of the proposed composite
structures. This issue is discussed with an emphasis on the
microwave regime, where the example of a physical resonant
medium is given. Moreover, our particular model uses a
lossy core for the implants, thus focusing on a lossy filtering
composite medium, ideal for applications of thin absorbing
films (TAF’s). The use of dilute mixtures of small coated and
uncoated metallic particles has been proposed in the past [11],
but for broad-band frequency selection and with conventional
nonresonant constituents.

Our design actually relies on the explanation of the optical
transparency of water according to the analytic theory of di-
electrics [12]. In that work, the extreme transparency window
of water (eight orders of magnitude deep) at optical frequencies
was postulated to be the effect of coating the water molecule
with a highly resonant shell. Presently, we exploit the same con-
centric geometry for the formulation of an artificial dielectric.
We derive the parameter dependence of the window formation
that allows tailor-designing the novel structure according to pre-
scribed specifications.

Without loss of generality, we perform the analysis for spheri-
cally shaped inclusions. The novel complex medium is an amor-
phous ensemble of spheres composed of a lossy core, coated
with a highly resonant dielectric layer and embedded in a dielec-
tric host. We study the resulting amorphous structure in the qua-
sistatic regime where the size and spacing of the inclusions are
smaller than the wavelength. For low-volume densities (filling
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fraction 0.35), the analysis is based on theclassical theory of
effective media[13]–[16]. In this context, we demonstrate that
the complex dielectric is a lossy substance over its entire spec-
trum except for the existence oftwo narrowband transparency
windows, where it may be as lossless as desired.

We prove the existence of the windows, and specify ana-
lytically their exact location, shape, and depth within a four-
decade spectrum. The parameter dependence of the window for-
mation is explored and this allows, at least at the theoretical
level, the prescription of constitutive materials and geometries
needed for specific novel frequency selective media. In partic-
ular, for highly resonant shells, we observe a significant drop
of five orders of magnitude or even larger in the bulk conduc-
tivity of the effective medium with respect to the core conduc-
tivity. This constitutes a transition from a metallic to a dielec-
tric substance within the window range. The window bandwidth
is adjustable according to the thickness of the coating layer.
Bandwidths as narrow as 4–5% are possible for sufficiently thin
layers. Moreover, the specification of the parameter dependence
on the distance between the two windows allows the use of one
or both of them according to application needs.

The proposed theoretical design is applicable from the mi-
crowave to the quasi-optical portion of the spectrum. Accord-
ingly, we derive a general scale-independent discussion. For il-
lustrative purposes we use a Lorentzian of quality ,
representing an average, in orders of magnitude, of realizable
values in the microwave and optical regimes.

The paper is organized as follows: Section II presents the
novel dielectric design. Section II-A discusses physically
realizable resonant dielectrics. Section II-B analyzes the
low-density medium in terms of the effective medium theory.
Section II-C contains the detailed physical characterization of
the transparency windows. Section III refers to the implemen-
tation in the microwave region. Finally, Section IV contains a
discussion of the results.

II. NOVEL COMPOSITEDIELECTRIC

We examine an ensemble of spherical particles consisting of
a lossy dielectric core coated with a highly resonant dielectric
layer and embedded within a dielectric host. We consider the
artificial dielectric within the quasistatic approximation, i.e., for
wavelengths greater than the size and spacing of the individual
implants. The layout of the mixture is shown in Fig. 1, where

(1)

are the relative permittivities of the core, layer, and host dielec-
tric, respectively. For most of this paper, we consider
and (typical value of plastic dielectric), unless otherwise
specified. The superscriptsand denote the real and imaginary
parts of complex quantities, respectively.is the conductivity
of the core, while and denote the inner and outer radii of
the coated spheres, respectively. The resonant material of the

Fig. 1. Concentric geometry of inclusions.

coating shell is characterized by its resonant frequencythe
full-width at half maximum and the plasma frequency .

There are two elements in the proposed composite that col-
laborate to create electromagnetic windows in the bulk. First,
the choice of constitutive materials and, in particular, of the res-
onant dielectric whose dispersive behavior drives the dispersion
of the composite. Second, the concentric geometry whose im-
portance should not be underestimated. For instance, a dielectric
loaded with plain spheres composed of a resonant dielectric will
not perform the task. It is the use of the resonant dielectric pre-
cisely as a coating layer that results in transparency windows.

A. Resonant Dielectrics

This section discusses physically realizable resonant mate-
rials for use in coating the conducting spheres of the composite.
In general, resonant dielectrics are described by relative permit-
tivity functions of the form of of (1). According to the clas-
sical Lorentz model, this dispersion naturally arises in harmoni-
cally bound systems that are also subject to damping [17]. A for-
mally identical result for the permittivity arises from a precise
quantum-mechanical description for the scattering of photons
by atoms. Given the frequency dependence of, the Lorentzian
dielectrics are characterized by a region of resonant absorption
which, in natural dielectrics, usually occursat optical frequen-
ciesdue to rotations and vibrations of the atoms, ions or elec-
trons.

In the microwave regime, possible candidates are macro-
molecules particularly engineered to slow down their physical
rotational or vibrational modes. It should be emphasized that,
although unusual, there exist physical systems with resonant
frequencies as low as the microwave regime. Metal ammonia
solutions constitute such examples with low-resonant frequency

GHz due to relative large distances among charges and
the relatively large masses of the charged particles [18]. This is
of particular importance since it substantiates the realism and
credibility of our theoretical design.

An accurate modeling of the dielectric behavior near 10 GHz,
requires a multiple-oscillator model, reflecting the multiplicity
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of physical oscillators in the solution [18]. Nonetheless, a
single-oscillator model of the form

with

GHz GHz GHz (2)

provides a reasonably good approximation. Fig. 2(a) depicts
the fit of the very scant available data for the real part of the
permittivity of Li–NH , shown by the dots, in terms of (2). In
this manner indicative values of the Lorentzian parameters are
deduced, while maintaining modeling simplicity. Although the
windows created based on the data for Li–NHare, at most, only
one order of magnitude deep, as shown in Fig. 12, this is not nec-
essarily the limit of the available performance with such natural
materials. Moreover, the small number of data points available
makes it difficult to ascertain the true number and magnitude of
the Lorentzian terms constituting this resonance. The fact that
the lowest frequency data point of the real part of the permit-
tivity is so low in magnitude, yet less than a decade of frequency
away from the resonance suggests that there may be Lorentzian
components as sharp as the the one shown in Fig. 2(b), corre-
sponding to

GHz GHz GHz (3)

where the same overall height for the imaginary peak is as-
sumed as in (2). In general, physical resonances become typ-
ically sharper at higher frequencies, yielding deeper windows.
For the rest of the paper, we discuss the proposed model within a
normalized frequency range without restricting it to microwave
frequencies.

B. Effective Medium Analysis

This section sketches the derivation of the effective permit-
tivity function of the composite medium within the range of
validity of the classical theory of effective media, i.e., for low
inclusion density, typically less than 0.35%. Accordingly, the
electromagnetic response of artificial dielectrics is given within
the framework of the point-dipole model. Implanted scatterers
within a host medium of permittivity acquire a dipole mo-
ment proportional to the value of the local field

(4)

where is the polarizability of the scatterer, is the applied
field and is the interaction field, i.e., the field created by
all other scatterers. Computation of is the central problem
in the theory of dielectrics. According to the classical theory
applied here [21], the local field for spherical inclusions is

(5)

Since the polarization is also , the effec-
tive permittivity of the composite is associated with the polariz-
ability of individual inclusions according to the Maxwell Gar-

(a)

(b)

Fig. 2. Real (solid) and imaginary parts (dotted) of the single Lorentzian fit
for the real permittivity data of Li–NHrepresented by the dots: (a) Lorentzian
of (2) and (b) Lorentzian of(3).

nett equation (also known as the Clausius Mossotti equation)
[19], [20]

(6)

where is the volume fraction given in terms of the number
density of scatterers

(7)

and is the normalized polarizability of the inclusions defined
as

(8)

The static polarizability of the coated sphere is [17] (9), shown
at the bottom of the next page, where is the concen-
tric volume ratio. Inputing this value into the Maxwell Garnett
equation (6) yields the effective permittivity for the com-
posite. Consequently

(10)

(11)
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Casting the dispersive behavior of the composite in the form
common for conducting dielectrics at microwave frequencies,
its bulk conductivity is defined as

(12)

The parametric analysis of the transparency windows requires
the real and imaginary parts of the polarizability, which,
from (9), are given as

(13)

(14)

where we have defined

(15)

(16)

(17)

(18)

We examine the dispersive properties of the novel dielectric in
general without restricting the discussion to a specific frequency
range. To this effect, a natural choice of scale would involve the
core conductivity, . In particular, the exact appropriate form
chosen for the frequency normalization is

(19)

To illustrate the model performance we use a resonance with
quality factor and parameters given as

(20)

Although this value is higher than the corresponding ones
for the Lorentzians of (2) and (3), it is still a moderate value,

smaller by at least four orders of magnitude than corresponding
values realized in atomic systems at high frequencies [21].

Fig. 3 presents the material response over four frequency
decades

(21)

indicating the lack of secondary grating lobes. In the limit
, the resonant shell disappears and the effective medium ex-

hibits Debye-type permittivity [22], depicted in Fig. 3 with a
dashed line. For coated implants the response consists of two lo-
calized disturbances on top of an otherwise Debye-type permit-
tivity, shown in Fig. 3 with a solid line. Concerning the bulk con-
ductivity of the effective medium, we observe a lossy dielectric
except at the position of these resonances where narrow low-loss
transparency windows appear. In the event of deep windows, as,
for instance, in Fig. 3(c), where we have four orders of magni-
tude drop in the bulk conductivity, this region marks a transi-
tion from a medium of metallic nature to a dielectric substance.
It should be noted that for a nonresonant dielectric coating the
effective medium exhibits only a Debye-type permittivity, indi-
cating that the windows are essentially driven by the resonant
Lorentzian dielectric. On the other hand, the molding of the dis-
turbance in the desired form of a window is due to the use of the
Lorentzian medium as a coating in a concentric geometry.

C. Characteristics of Transparency Windows

Before embarking into the parametric characterization of the
windows in terms of width, depth and location, it is worthwhile
to discuss the physical mechanisms causing the transparency. In
general, the absorption efficiency of a small sphere is propor-
tional to the imaginary part of its polarizability [17] and, thus,
we expect transparency at frequencies where is min-
imum. It is useful to define a plain spherical implant equivalent
to the coated one by virtue of having the same polarizability. Its
equivalent permittivity is defined by

(22)

where is given in (8) and (9). Fig. 4(a) and (b) presents the
equivalent permittivity function and the imaginary part of the
polarizability in the window regions. On the one hand,
the left window is located precisely at the position whereex-
hibits a phase transition driven by the Lorentzian permittivity.
On the other hand, the right window is characterized by,

, indicating that the metallic nature of the core is com-
pletely screened and the coated sphere behaves as a low-loss di-
electric with dielectric function less than unity. Mathematically
speaking, the transparency window locations will be identified

(9)
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(a)

(b)

(c)

Fig. 3. Dispersive properties of effective medium with coated (solid) and
uncoated (dashed) inclusions forf = 0:3, r = 0:9, ! =! = 0:1,
�=! = 10 , ! =! = 0:3162: (a) real part of effective permittivity, (b)
imaginary part of effective permittivity, and (c) bulk conductivity.

below as the frequency where the real part of the Lorentzian per-
mittivity vanishes.

This equivalent picture for the implant also helps in justifying
the surface modes which are manifested at the band edge of the
left transparency band. These are electromagnetic modes char-
acteristic of small particles, associated with the vanishing

(a)

(b)

Fig. 4. Real (solid) and imaginary (dotted) parts of� =� and Im(� )
(dashed) in window regions.

of denominators in certain expansion coefficients of the Mie se-
ries representing the wave scattered by a small spherical particle
[17]. In this manner, resonant modes arise whereby the field in-
side the spherical scatterer is highly localized near its surface,
accompanied by high absorption. Although dynamic in nature,
surface modes effects may be explained in electrostatic terms.
The condition for excitation of the first-order surface mode in a
small sphere is derived from the sphere polarizabilityin the
form

or (23)

where are the dielectric functions of the sphere and host,
respectively. In general, for coated spherical implants the con-
dition for surface modes is the vanishing of the denominator of
the polarizability given in (9). In our case, however, singularities
appear also in the numerator and, thus, we have to examine the
issue in terms of the equivalent permittivity. Thus, the condition
for surface modes becomes

(24)

This is approximately true near the left window band edge where
is small, as shown in Figs. 4(a) and 5. According to

[17], surface plasmons are not examples of failure of the bulk
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Fig. 5. Real (solid) and imaginary (dotted) parts of� =� and Im(� )
(dashed) overall the spectrum.

dielectric constant to be applicable to small particles. Thus, the
quasistatic prediction is still valid in the surface mode region
and dynamic phenomena may be neglected.

The parametric characterization of the windows is best car-
ried out using the closed form for the permittivity of (6). How-
ever, this is a complicated function of the frequency, which for-
bids a straightforward treatment through differentiation with
respect to and requires a different approach. As mentioned
above, the overall dispersion of the composite may be seen as
a superposition of a resonant and a Debye-type behavior. Thus,
the parametric analysis may be performed analytically based on
the localized properties of the Lorentzian resonance, as spec-
ified in and , given in (1). These are functions of
narrow support and, according to the distribution theory in func-
tional analysis, they are representations of a Dirac-function.
Thus, we may write [23] for

(25)

where

(26)

is the location of the maximum in .
Outside the Lorentzian resonant region, the effective permit-

tivity of the composite is a function of two small parameters
and . Since is negligible, by setting it equal to zero we ex-
amine exclusively as a function of . From (13)–(18) we
have

(27)

(28)

(29)

(30)

It follows that is essentially a function of the real Lorentzian
permittivity and its inverse, i.e., .
Consequently, it is a smooth Debye-type function, except
at the extrema and singularities of the Lorentzian functions

, which themshelves have constant values
except for a small region where they vary violently.

Thus, we proceed to specify the window position semi-an-
alytically in two steps. First, we study analytically and

and locate the extrema and singularities. Second, we
examine numerically in these positions, along with the pre-
viously excluded region in order to identify its local ex-
trema. In this manner, two regions of interest emerge, each cor-
responding to a transparency window.

1) Theregion around corresponding to the position of the
left window. For , this is the accumulation region
for

(31)

(32)

(33)

2) The region around corresponding to the right
window. This is the location of the singularity

(34)

Thus, we conclude that the window minima are positioned at

(35)

which are depicted by dots in Fig. 6(a) and (b), respectively.
These values approach the actual minima with an accuracy of
the order of 10 . The small offset in the position of minimum
for the right window with respect to is due to the fact that

in our previous analysis is a very small number but not ex-
actly zero. The distance among windows depends exclusively on
the Lorentzian parameters and mainly on . For increasing
values of this parameter, the singularity , in accord with the
right window, slide to the right, as shown in Fig. 7.
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(a)

(b)

Fig. 6. � =� for composite withf = 0:1, r = 0:9, ! =! = 0:1,
�=! = 10 , ! =! = 1:0 in: (a) left and (b) right windows and location
of window minima from(35), indicated by the dots.

Given their locations, the window minima may be found an-
alytically

(36)

For the sharp resonance shown in Fig. 6(a) and (b), we observe
five orders of magnitude drop in the conductivity of the com-
posite with respect to the core conductivity.

The window depth may be defined as the bulk conductivity
normalized to the conductivity of the high frequency plateau

(37)

The variation of window minima (36) and window depth (37),
with respect to the concentric volume ratio,, and to the filling
fraction are depicted in Figs. 8 and 9, respectively. According
to Fig. 8, the values of window minima [curves denoted by (a)]
and depth [curves denoted by (b)] increase (windows become
more shallow) for thinning coating shell and the window disap-

Fig. 7. Bulk conductivity of effective medium withf = 0:1, r = 0:9,
! =! = 0:1,�=! = 10 . Relative positioning of windows for! =! =

0:3162 (dashed) and! =! = 1:0 (solid).

Fig. 8. (a) Window minimum and (b) window depth for right window as a
function of the coating thicknessr for composite with! =! = 0:1,�=! =

10 , ! =! = 1:0. Window minima depicted forf = 0:1 (solid) and
f = 0:3 (dotted). Window depth plotted forf = 0:1 (dashed).

Fig. 9. (a) Window minimum and (b) window depth for right window as a
function of filling fractionf for composite withr = 0:7 (dashed), 0.9 (solid),
0.98 (dashed-dotted) and! =! = 0:1, �=! = 10 , ! =! = 1:0.

pears in the limit . Fig. 9 reveals a different behavior
for increasing depending on the normalization of the bulk
conductivity: The value of window minima [curves denoted by
(a)] increase, while the value of window depth [curves denoted
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(a)

(b)

Fig. 10. Bulk conductivity in: (a) overall spectrum and (b) right window, for
composite withr = 0:9 (dashed) tor = 0:7 (solid) andf = 0:1; ! =! =

0:1;�=! = 10 ; ! =! = 0:3162.

by (b)] slightly decrease. The latter indicates that the window
does not become drastically deeper with increasing filling frac-
tion but depth may increase by a factor of two or three.

The window bandwidth may be defined as the ratio of the
full width at half-minimum over the center frequency. The most
significant parameter affecting it is the thickness of the coating
layer, which is a geometrical element and thus easily controlled
in manufacturing. As shown in Fig. 10, the bandwidth decreases
(narrower windows) with increasing , i.e., with thinner shell.
In particular, a thin layer of corresponds to a band-
width of 7.5% and may be further diminished by decreasing the
layer thickness. For a thick layer of the bandwidth
increases to 25%. On the other side, an increase in the filling
fraction variation causes only a slight increase in the bandwidth
[compare Figs. 3(c) and 7].

The effects of the Lorentzian parameters on the
window formation were discussed previously: specifies the
location of the left window in the effective medium, allowing
it to slide toward or away from the plateau. determines the
distance among windows so that one or both windows remain
within the bandwidth of interest. The width, which controls
the sharpness of the Lorentzian resonance, directly influences
the window depth and bandwidth, as shown in Fig. 11(a).

(a)

(b)

Fig. 11. Window formation for composite withf = 0:1, ! =! = 0:1,
! = 0:3162: (a) bulk conductivity forr = 0:9 and�=! = 10 (dotted),
�=! = 10 (solid) and (b) right window depth as a function of�=! for
r = 0:9 (solid) andr = 0:7 (dotted).

Windows deepen for sharper Lorentzian resonances, increasing
’s, according to Fig. 11(b).

III. I MPLEMENTATION IN THE MICROWAVE REGIME

Application of the design at microwave frequencies requires
both the background Debye process as well as the Lorentzian
superposition to occur at those frequencies. The Debye relax-
ation frequency for metallic spheres of conductivityimmersed
within a dielectric host is given by

(38)

For Siemens/m, the Debye relaxation appears approx-
imately at 10 GHz. Introducing the Lorentzian forms (2) and
(3) that fit the Li–NH data, we obtain a response depicted in
Fig. 12. Although the windows created here are one to two or-
ders of magnitude deep, the performance will improve for res-
onant media of higher quality. The plateau conductivity itself is
given by the background Debye process, describing the mixture
of metallic spheres within a dielectric host. Thus, it depends on

and . Obviously, for lower , both windows of Fig. 12
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Fig. 12. Bulk conductivity of effective medium withf = 0:3, r = 0:8,
� = 8 Siemens/m, for plain uncoated sphere (dashed) for sphere coated with
Lorentzian of (2) (dashed) and sphere coated with Lorentzian of (3) (solid).

move further to the right in the plateau, which levels off earlier
and at a lower value.

To comply with the assumptions underlying the effective
medium analysis, it is necessary that the size of the spherical
implants and their coatings is significantly small, of the order of
micrometers for the microwave and millimeter-wave regimes or
of the order of nanometers for the quasioptical region. This does
not pose a fabrication issue, since existing nano-technology
creates submicrometer particles in the form of microballoons
or coated and plain microspheres [17], [24]–[26]. Concerning
the issue of applicability of bulk optical constants to such small
particles, good agreement has been observed for particles in
the size range of 3–4 nm [17].

Up until now, we have assumed that the relative dielectric
constant of the core and host are and (typical
value for plastic dielectrics), respectively. The low-core conduc-
tivity at microwave frequencies, below that of pure carbon, im-
plies a composite material which in general possesses a real part
of permittivity greater than one. Thus, it is important to ex-
amine the dependence on the type of materials used for the core
and host. In Fig. 13 we observe a dramatic decrease in depth for
increasing . However, as the dotted plots in this same figure
show, an increase in the host medium permittivity counteracts
that effect and there remains a substantial window depth. This
effect is also produced through an increase in the filling fraction

, as the dashed plot of Fig. 13 indicates.

IV. DISCUSSION

We have presented a method of creating frequency selectivity
from bulk composite matter based on the geometry and the
resonant properties of the constituents. We have illustrated the
approach by presenting the theoretical design of a complex
medium consisting of spherical inclusions coated with a highly
resonant shell and implanted within a dielectric host. This novel
medium exhibits frequency selective properties in the form
of two narrowband transparency windows over a four-decade
spectrum. The presented analysis allows full control over the
window properties by manipulating the geometry and choosing
the materials used for the inclusions. In this sense, we are able

Fig. 13. Right window depth as a function of the core permittivity�̂ for
composite with! =! = 0:1,�=! = 10 ,! =! = 0:3162. For� = 3,
the solid and dashed lines correspond tof = 0:1 andf = 0:3, respectively.
For fixed f = 0:1, the dashed–dotted line and dotted lines correspond to
�̂ = 13 and�̂ = 30, respectively.

to achieve optimization of the window design with respect to
their placement within the spectrum toward or away from the
plateau appearing at large frequencies, the distance among
them, their depth and bandwidth.

The present work motivates research in the development and
synthesis of Lorentzian resonant dielectrics for use as implant
coatings, thus driving the frequency dispersion of the mixture.
In fact, the position and sharpness of these resonances directly
reflect the position and depth of the two transparency windows
in the effective medium. Thus, sharp resonances at a variety of
positions are required in order to form the necessary ingredients
for the construction of this novel class of media to be used for
the coating layer. Such highly resonant media exist in nature,
for instance, the ammonia molecule in the millimeter wave re-
gion, the iodine in the blue spectrum of the optical frequencies,
MgO in the visible regime, and-SiC in the far infrared spec-
trum [17]. In particular, we have discussed metal-ammonia so-
lutions which resonate at approximately 10 GHz, thus adding
practical credibility to our theoretical design in the microwave
regime. Although we do not mention specific manufacturing
procedures for the implants and the overall composite, this is
not an issue since existing nanotechnology is able to construct
plain and coated microspheres of the order of nanometers using
a variety of materials.

The geometrical properties of the structure have also signif-
icant effects on the window formation, providing considerable
control in manufacturing. The depth of the window increases
for increasing filling fraction and this motivates an extension
of the present analysis beyond the effective media theories, to
denser materials up to the limit of almost touching spherical in-
clusions [27]. A more dramatic change in the window depth ap-
pears with the variation in the ratio of the inner to total spher-
ical volumes, , where a span of many orders of magnitude is
possible, as indicated by Fig. 8. In fact, both depth and width
of the transparency windows increase independently for thicker
coating layers, thus allowing the exact formation of windows ac-
cording to almost arbitrary specifications. To put it differently,
the larger the resonant shell, the larger the windows and, in fact,
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it seems beneficial to use the right-side window since it is al-
ways closer to the plateau and, in general, deeper. In addition,
given that the distance among the two transparency windows is
controllable, extremely narrow passband and stop-band filters
are possible.
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