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Abstract. The 3D regular lattice of bi-spherical dielectric 
resonant inclusions arranged in a cubic lattice as two sets 
of spheres made from the same dielectric material having 
different radii and embedded in a host dielectric material 
with lower dielectric permittivity was carefully investi-
gated. The magnetic resonance corresponding to the first 
Mie resonance in the spherical particles is followed by 
forming a regular array of effective magnetic dipoles, and 
the structure of the identical spherical dielectric resonators 
can be designed as an isotropic μ-negative 3D-metamate-
rial. For the electric resonance it was found experimentally 
and by the simulation that the resonant response of the 
electric dipole was weakly pronounced and the μ-negative 
behavior was remarkably suppressed. To enhance the 
electric dipole contribution we considered another kind of 
the symmetry of the bi-spherical arrangement of the parti-
cles corresponding to the body-centered cubic symmetry 
instead of the symmetry of NaCl analog considered previ-
ously. Electromagnetic properties of a volumetric structure 
based on a regular lattice of identical cubic dielectric 
particles is also considered and analyzed as μ-negative 
metamaterial. The cubic particle based 3D-metamaterial is 
preferable for practical realization as compared with the 
spherical inclusions. 
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1. Introduction 
Medium with simultaneously negative permittivity 

and permeability or so-called double negative medium 
(DNG) can be formed by a regular lattice of dielectric 
resonant inclusions, providing excitation of electric and 
magnetic dipoles. Dielectric disk, cylindrical, or spherical 
resonators are suitable for establishing the dipole moments. 
Metamaterials with desired values of permeability ±μ and 
permittivity ±ε are developed by exciting electric and mag-
netic resonant modes. In many practical cases, isotropic 
DNG structure is very attractive. Different ways to create 

the 3D isotropic DNG medium based on a regular lattice of 
resonant inclusions have been considered and published [1-
6]. The 3D regular lattice of bi-spherical dielectric resonant 
inclusions was suggested in [2]. In this structure, the 
metamaterial medium is composed of two sets of spherical 
particles made of the same dielectric material embedded in 
a host dielectric material. The spheres differ by radius. The 
dielectric constant of the spherical particles is much larger 
than that of the host material. By combining two sets of the 
spheres with suitable radii, different modes can be simulta-
neously exited in the spheres: the magnetic resonance 
mode giving rise to the magnetic dipole momentum and the 
electric resonance mode being responsible for the electric 
dipole momentum. These moments create the negative 
permeability and permittivity in a limited frequency range 
near the resonant frequency. In [3-5], it was suggested that 
the dielectric resonators do not interact and for the 3D 
structure the responses of the both spherical particles are 
superimposed. By full-wave simulation and experimental 
investigation, it was found that the resonance response of 
the magnetic dipole is very effective and the μ -negative 
isotropic metamaterial can be designed as a regular array of 
dielectric spherical particles with the first Mie-resonance.  
At the same time, the electric dipole corresponding to 
electric resonance mode is weakly pronounced. As a con-
sequence, the ε -negative behavior is blurred [5].  

Detailed theoretical description based on full-wave 
analysis was performed in [6] for different all-dielectric 
structures of metamaterial: single-negative (SN) medium 
based on the spherical particles; bi-spherical DNG medium 
based on an array of the dielectric spherical particles of the 
same radius made of two materials differing in dielectric 
permittivity; a set of identical discs and discs made of two 
different dielectric materials etc. The structures based on 
the discs form 2D SN and DNG metamaterials. Interesting 
2D structures based on cylindrical resonator arrays situated 
in a parallel-plate waveguide have been discussed and 
experimentally verified in [7-8]. In these structures, the 
DNG properties are provided by magnetic resonance in the 
cylinders (magnetic dipole, μ -negative behavior) and by ε 
-negative response of electromagnetic wave in a parallel-
plate metallic waveguide with TEn modes below the cut-off 
frequency. 

Recently the experimental investigation of isotropic 
metamaterials based on resonant dielectric inclusions has 
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been reported [9-11]. The resonant μ-negative response 
was registered in the 3D structure based on a regular array 
of dielectric cubes in [9] and the 2D array of cubes in [10]. 
The 3D DNG material was realized as a set of dielectric 
spherical particles regularly distributed in a metallic wire 
frame exhibiting cubic symmetry. The wire frame provides 
an environment with evanescent waves followed by the 
effective negative permittivity, which in combination with 
the resonant dielectric particles giving rise to magnetic 
dipoles and negative permeability leads to a propagating 
wave with a negative phase velocity i.e. forms the 3D iso-
tropic DNG medium. 

All these achievements support the fruitful idea of 
a realization of the isotropic metamaterial using dielectric 
resonant inclusions. In order to improve the performance of 
the all dielectric DNG medium with cubic symmetry based 
on spherical dielectric particles, we suggest the new struc-
tures obtained by changing the symmetry of the single cell 
of the bi-spherical structure to enhance the contribution of 
the electric resonance in the effective dielectric permittiv-
ity. In this paper, we consider the 3D DNG bi-spherical 
structure based on the single cell belonging to the body-
centered cubic symmetry exhibiting higher packing density 
for the same distance between adjacent resonant particles 
as compared with the face-centered cubic lattice previously 
analyzed in [2-5]. The regular 3D-structure based on cubic 
resonant inclusions is also considered as the candidate for a 
practical realization of the μ-negative isotropic 
metamaterial. 

2. 3D Isotropic Bi-spherical 
Metamaterial of Cubic Symmetry 
with High Packing Density 
Single cubic cells of isotropic metamaterial based on 

two types of spherical resonators are presented in Fig 1. 
Different ways of particle packing are possible. The face-
centered NaCl like structure (Fig. 1a), body-centered 
structure (Fig. 1b) and other type of face-centered cubic 
lattice (Fig. 1c) are all members of the cubic system of 
symmetry pertaining to the class m3m [3, 12]. 

In the case of cubic symmetry, the second rank 
tensors of all physical parameters of the media are diagonal 
and have the components of the same values [12]. Thus the 
permittivity and permeability tensors are written in the 
following form: 

 
0 0 0 0

0 0 , 0 0
0 0 0 0

eff eff

eff eff

eff eff

ε μ
ε ε μ μ

ε μ
= =  (1) 

where the sub-indices eff are introduced to stress that the 
permittivity and permeability are obtained as a result of 
averaging electric and magnetic polarization of spherical 
particles embedded in the matrix. The result of averaging 
the polarization of the spherical particles embedded in the 
matrix depends on the volume of the matrix falling on each 
particle considered. 
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Fig. 1. a) Face centered NaCl cell; b) body-centered single 
cell; c)face-centered single cell. 

The structures considered are characterized by 
different minimal distances between the particles of the 
same/different dimensions. The comparative Tab. 1 shows 
difference in these parameters for different packing factors 
for the same distance a between adjacent particles. Here s 
is the crystallographic lattice constant. The volume fraction 
is defined as the ratio of the volume of the sphere and the 
total volume of cube limiting the space around one sphere 
and vf = 4/3 πr3/s3  is the volume fraction for one sphere in 
the space limited by the cube with the side s, r is the radius 
of the spherical particle. 

The distance between the resonant particles is of cru-
cial importance. Mutual interaction of closely positioned 
particles leads to shift of the resonance frequency and dis-
tortion of the resonant characteristic. The analytical model 

 
Structure Lattice 

constant, s 
Minimal distance 
between the big 

particles 

Minimal distance 
between the small 

particles 

Minimal distance 
between different 

particles 

Volume fraction 
for the big 
particles 

Volume fraction 
for the small 

particles 
Face-centered 

(NaCl-like) 2a  2 / 2s  2 / 2s  / 2s  4 fv  4 fv  

Body-centered 2 / 3a  s  s  3 / 2s  fv  fv  

Face-centered 2 / 2a  2 / 2s  s  2 / 2s  3 fv  fv  

Tab. 1.  Distances between particles for different structures. 
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of the diffraction of a plane electromagnetic wave on a 
dielectric spherical particle [5] describes the effective pa-
rameters of the bi-spherical isotropic metamaterial under 
the assumption that there is no mutual interaction between 
the particles. Neglecting mutual coupling is reasonable in 
case of appropriate distance between the particles. Simula-
tion of the electromagnetic waves outside the spherical 
particles demonstrates the strong e-times attenuation of the 
electromagnetic wave outside the sphere over the distance 
equal to its diameter. At the same time, to strengthen the 
DNG effect the particles should be placed as close as pos-
sible to each other. If particles are positioned too far, the 
DNG effect becomes negligibly small.  

Simulation showed that the optimal distance between 
the resonant particles is achieved for the body-centered 
structure (Fig. 1b). For this type of isotropic structure there 
is maximum packing density and the distance between the 
adjacent particles (of different kind) is still big enough to 
neglect the effect of their interaction.  

Frequency dependent effective permittivity and per-
meability were calculated for three different structures: 
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Here a is the distance between closest particles of different 
radii, εp (μр), εh (μh) are the permittivity (permeability) of 
the particle and the host material respectively, rsmall and rbig 
are the radii of the resonators, f  is  the incident electro-
magnetic wave frequency, a(t) and b(t) are the amplitudes of 
spherical wave functions, Feps and Fmu are the results of 
integration of the electric and magnetic field components 
over the particle volume, N = 0.5, 0.65, 0.35 and n = 0.5, 
0.65, 0.65 for the structures in Fig. 1a, 1b, 1с respectively.  

In Fig. 2, the results of calculation of the effective 
parameters of the bi-spherical metamaterial are presented 
for three different structures with parameters: εp = 400, 
εh = 1, μр = μh = 1, rsmall = 0.748 mm, rbig = 1.069 mm, and 
s = 4 mm, no losses were taken into account. The results 
are obtained by a consideration of the diffraction of the 
plane electromagnetic wave on a single dielectric spherical 
particle. 
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Fig. 2. Effective a) permittivity and b) permeability for face-

centered Na-Cl structure (sub-index 1) the face-
centered structure (sub-index 2) and body-centered 
structure (sub-index 3). 

In order to demonstrate the effectiveness of the body-
centered lattice, let us consider the simplified case of one-
dimensional structure (Fig. 3) using full-wave analysis. 
The single cell is centered by the spherical particle of big-
ger value of the radius rbig = 1.05 mm and is surrounded by 
the particles of smaller value of the radius rsmall=0.748 mm. 
The distance between the particles of the same size is 
s=4 mm. To fit the conditions of the translation symmetry, 
the one-dimensional structure is bounded by a perfect 
electric conductor (PEC) and a perfect magnetic conductor 
(PMC). The particle dimensions are chosen to provide the 
magnetic resonance in the smaller spheres and the electric 
resonance in the bigger particles at the same frequency. It 
results in creation of magnetic and electric dipoles fol-
lowed by the negative effective permeability and effective 
permittivity in a limited frequency range. That leads to 
appearance of transmission of electromagnetic wave in the 
frequency range near the resonant frequency (Fig. 4). 
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Fig. 3. 1-D structure of bi-spherical isotropic metamaterial. 

Radii of small and big spheres are 0.748 mm and 
1.05 mm respectively. Boundary conditions are 
provided by perfect magnetic (PMC) and perfect 
electric (PEC) walls. 
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Fig. 4. Transmission S21 and reflection S11 coefficients for the 

structure depicted in Fig. 3. Gray area is the frequency 
range, where the resonant frequencies of two types of 
resonances coincide and backward wave is observed. 
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The full-wave analysis of the electromagnetic wave propa-
gation confirms the existence of the backward wave. In 
Fig. 5, the magnetic field pattern is shown for four differ-
ent moments of the period of time. It is clearly seen that the 
wave propagates from the right side to the left, whereas the 
incident wave enters the structure from the left side. 
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Fig. 5. Magnetic field patterns for four different moments of 

the period of time. The incident wave enters the 
structure from the left side, whereas the wave inside 
structure propagates from the right side to the left. 
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Fig. 6. a) Bi-spherical structure of metamaterial with body-
centered cubic symmetry. Radii of small and big 
spheres are 0.748 mm and 1.05 mm respectively. 
Distance between the same particles is 4 mm. b) 
Magnetic field patterns for the section plane shown by 
yellow in (a) for 4 different moments of the period of 
time. 

The 3D volumetric structure corresponding to the 
body-centered symmetry is shown in Fig. 6. The small and 
big spherical particles are situated in different planes. The 
same is related to the magnetic and electric dipoles. The 
PECs and PMCs are used for providing boundary condi-
tions for this limited in volume structure. The dimensions 
of the spherical particles and spacing between the identical 
particles are the same as in the previous one-dimensional 
case. Magnetic field pattern for the section plane shown by 
yellow in Fig. 6 a) is depicted in Fig. 6 b) for four different 
moments of the time period. Again the backward wave is 
observed. The response of the structure to the incident 
plane electromagnetic wave is presented in Fig. 7. In the 
limited frequency range one can observe the wave trans-
mitting through the DNG structure. Hence, the increasing 
packing factor leads to enhanced electric dipole contribu-
tion as compared with our previously obtained results for 
NaCl structure [4], [5]. 

   

S11 

S21 

S-
Pa

ra
m

et
er

, d
B  

 

Frequency, GHz backward wave region
 

Fig. 7. Transmission S21 and reflection S11 coefficients for the 
modeled structure depicted in Fig. 5. Gray area is the 
frequency range where two types of resonances 
coincide and backward wave is observed. 

3. 3D Metamaterial Based on Cubic 
Dielectric Resonant Inclusions 
As it was shown, the 3D regular lattice based on 

resonant spherical inclusions exhibits properties of the 
DNG material. Unfortunately the practical realization of 
such a structure is very problematic. As we know, there is 
the only publication demonstrating the experimental results 
of measuring transmission characteristic of the DNG 
medium based on the spherical inclusions inserted in the 
wire frame [11]. The experimental investigation of the 3D 
structure [9] and 2D structure [10] of metamaterial based 
on cubic resonant dielectric inclusions confirmed the μ-
negative properties of these artificial media. In Fig. 8, the 
regular lattice of the dielectric cubes is shown. The cubic 
particles are distantly positioned and the mutual coupling is 
negligibly small. In this case the frequency response of the 
structure is the same as for the material based on the iden-
tical spherical inclusions: the stop-band occurs near the 
resonant frequency, which corresponds to the μ-negative 
behavior of the material. The magnetic field distribution in 
the resonant particles for the first magnetic resonance in 
the spherical and cubic particles is shown in Fig. 9. Evi-
dently the magnetic dipole in the both cases is nearly the 
same. The results of full-wave simulation of the transmis-
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sion through this structure are presented in Fig. 10 exhib-
iting the stop-band near the resonant frequency. 

a 

d  
Fig. 8. The lattice of dielectric high permittivity cubes in the 

dielectric matrix of lower permittivity. The following 
parameters of cubes are used: size a = 3 mm, εr = 1000, 
dielectric cubes tan δ = 0.001, the distance between the 
cubes d =  1 mm. 
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Fig. 9.  Magnetic resonance in a) the dielectric spherical 
particle b) the dielectric cubic particle. 
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Fig. 10. a) 2 layer dielectric cube structure. b) Transmission 
and reflection coefficient for this structure d = 5 mm, 
h = 5 mm. 

It was shown by the simulation that for the structure 
with a finite number of the particles the resonant response 
depends on the number of layers: the bigger number of the 

layers used, the higher is the resonant frequency and the 
wider is the resonant response. That means that the cou-
pling between the cubic particles influences the character-
istics of the material.  

The regular lattice of the cubic particles can be 
realized as a multilayer structure (for example multilayer 
structure based on low-temperature cofired ceramic, 
LTCC). In general case, the 3D lattice can be designed 
being regular in plane with desired spacing between the 
layers. This spacing is determined by the ceramic layer 
thickness, whereas the lattice period in plane is determined 
by the mask dimensions. The results of modeling of the 
resonant characteristics of the structure based on the cubic 
dielectric resonators with the cube edge 1 mm and the 
distance between the cubes 3 mm in the plane are shown 
for different number of the layers. The spacing between the 
layers is 1.2 mm. The resonant characteristics are split due 
to strong coupling between the layers containing regular 
2D lattice of the cubes (Fig. 11). The more number of the 
layers containing the cubic resonant inclusions is used, the 
more effective is the reflection from this artificial material. 
That can be used as an effective impedance surface without 
using any conducting or magnetic materials. We can expect 
that the cubic inclusion based metamaterial will be realized 
in multilayer technology in the nearest future. 
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Fig. 11. a) Dielectric cubes structure with several number of 
cube layers. b) Transmission coefficient for different 
number n of layers, d = 3 mm, h = 1.2 mm. 
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4. Conclusions  
A double negative artificial material based on bi-

spherical dielectric spherical resonators has been investi-
gated. A new structure with body-centered unit cell of 
higher packaging factor has been introduced in order to 
strengthen the DNG effect. The isotropy of the metamate-
rial – main challenging advantage for the material manu-
facturing – has been kept. Backward wave existence in the 
new structure has been confirmed by the numerical analy-
sis. A concept of metamaterial based on cubic dielectric 
inclusions is more preferable for a practical realization. 
Full wave simulation results revealed the μ-negative be-
havior of the structures based on the cubic dielectric reso-
nators. The multilayer ceramic technology can be used for 
manufacturing of this metamaterial. 
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