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We present a novel all-dielectric left-handed metamaterial (LHM) in the X-band microwave

regime. The LHM is formed by cubes and square rods, which are made of microwave ceramic with

high permittivity and low loss. Both Mie theory and dielectric resonator theory are found to play

important roles in generating negative effective parameters. The effective permeability is negative

in the designed frequency range due to the first Mie resonance associated with the cubes, while the

effective permittivity is negative below the plasma frequency owing to the second resonance mode

of the square rods. The parameter retrieval method, transmission spectra method and wedge-shaped

negative refraction method are used to demonstrate that the composite has a double-negative

regime. Experiments are carried out to verify the designed all-dielectric LHM. The proposed

method presents new ways to realize all-dielectric LHMs. VC 2011 American Institute of Physics.

[doi:10.1063/1.3575326]

I. INTRODUCTION

Left-handed metamaterials (LHMs) are artificial materi-

als that possess negative permeability and negative permittiv-

ity simultaneously. The electromagnetic properties of EM

waves in LHMs are dramatically different from those in natu-

ral substances1–4 LHMs may enable some exotic applications

such as negative refraction,5 backward wave6 and inverse

Doppler effect,7 as well as unique applications in subwave-

length imaging,8 and electromagnetic cloaking,9 etc.

Metal-based realizations of LHMs were proposed with

various unit cell geometries including omega-shaped struc-

tures,10 S-shaped structures,11 fishnet structures,12 fractal

structures,13,14 etc. However, these metallic structures are

highly anisotropic. Their corresponding isotropic realizations

demand three-dimensional arrangements that are quite com-

plicated in fabrication. In addition, due to their complicated

geometries and enhanced conductive losses with increasing

the frequency, they cannot be scaled up to infrared and optical

frequencies.15

As an alternative, composites composed of high dielec-

tric inclusions can overcome the mentioned limitations by

using simple isotropic structures at high frequencies. Two-

or three-dimensional regular or random arrays of high dielec-

tric rods,16–18 spheres,19,20 and cubes21 were fabricated and

examined. Holloway19 proposed a method of realizing elec-

tric dipoles and magnetic dipoles by using magnetodielectric

spherical particles. Vendik20 proposed a composite material

consisting of two sets of spheres with different radii to real-

ize the double-negative property. Zhao et al.21,22 reported

that isotropic negative permeability can be realized in a

three-dimensional dielectric composite consisting of an array

of dielectric cubes, and they also demonstrated that the com-

bination of dielectric cubes and metallic wires produced a

left-handed transmission. Peng et al.16 reported an observa-

tion of negative refraction with a prism of ferroelectric rods,

where the second resonant mode was considered.

In this paper, we present an all-dielectric LHM in

X-band. The LHM consists of a matrix of acrylonitrile buta-

diene styrene (ABS) plastic, with cubes and square rods reg-

ularly embedded within it. The embedded inclusions, cubes

and square rods, are made of microwave ceramics (BST),

which possess high permittivity and low loss. The effective

permeability is negative in some frequency range due to a

Mie resonance associated with the cubes, while the effective

permittivity is negative below the plasma frequency of the

square rods. The dimensions of the BST cubes and square

rods are selected, in order to obtain negative refractive index

in X-band. The main advantages of this design are the intrin-

sic low losses of all-dielectric inclusions and easy realization

of simultaneous eeff< 0 and leff< 0. Meanwhile, the regular

arrangement sample can be easily fabricated.

This paper is organized as follows: Mie resonances with

effective medium theory and dielectric resonator theory are

introduced and discussed in Sec. II. Section III presents the

simulation results of the designed LHM. The origination of

negative permeability and permittivity is discussed using

Mie theory and dielectric resonator theory. Field analysis

method is also introduced to make a further interpretation.

Then, in Sec. IV, an experiment is designed to test the valid-

ity of the simulation results. Finally, we summarize the

results in Sec. V.a)Electronic mail: wangjun563@163.com.

0021-8979/2011/109(8)/084918/6/$30.00 VC 2011 American Institute of Physics109, 084918-1

JOURNAL OF APPLIED PHYSICS 109, 084918 (2011)

Downloaded 04 Sep 2013 to 138.37.44.13. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3575326
http://dx.doi.org/10.1063/1.3575326
http://dx.doi.org/10.1063/1.3575326


II. THEORETICAL ANALYSES

In this paper, the permittivity of inclusions is much

larger than that of the background matrix. That is to say, the

wavelengths inside the inclusions are comparable to the

dimensions of the inclusions, while the wavelengths outside

the inclusions are larger than the dimensions of the inclu-

sions. Thus, the composite can be described by the effective

medium theory. The related parameters could be calculated

and explained by using the framework of Mie theory23 and

dielectric resonator theory.

A. Mie theory of high dielectric spheres

Consider dielectric spheres of radius r0 and relative per-

mittivity e2 embedded in a host medium with a relative per-

mittivity e1. Let m denote the volume filling fraction occupied

by the spheres in the composite and x represents the sphere

size parameter, x1 � k1r ¼ ffiffiffiffi
e1
p

2pfr=c, x2 � k2r
¼ ffiffiffiffi

e2
p

2pfr=c. According to the extended Maxwell�Garnett

theory,24,25 provided that x1 � 1 (the so-called quasistatic

limit), the effective permittivity and permeability of the com-

posites are given by

eeff ¼ e1

x3
1 þ 3ivTE

1

x3
1 �

3

2
ivTE

1

; (1)

leff ¼ l1

x3
1 þ 3ivTH

1

x3
1 �

3

2
ivTH

1

; (2)

where T1
E and T1

H are the electric-dipole components and

the magnetic-dipole components of the scattering T-matrix

of a single sphere, respectively. Explicit expressions of T1
E

and T1
H are given by:

TE
1 ¼

e2J1 x2ð Þ x1J1 x1ð Þ½ �
0
�e1J1 x1ð Þ x2J1 x2ð Þ½ �

0

e2H
2ð Þ

1 x1ð Þ x2J1 x2ð Þ½ �0�e2J1 x2ð Þ x1H
2ð Þ

1 x1ð Þ
h i0 ; (3)

TH
1 ¼

J1 x2ð Þ x1J1 x1ð Þ½ �
0
�J1 x1ð Þ x2J1 x2ð Þ½ �

0

H
2ð Þ

1 x1ð Þ x2J1 x2ð Þ½ �0�J1 x2ð Þ x1H
2ð Þ

1 x1ð Þ
h i0 ; (4)

where J1(x) is the spherical Bessel function and H1
(2) (x) is the

spherical Hankel function of the second kind, which can be writ-

ten as a form of trigonometric functions, that is, J1 xð Þ ¼ ðsin x
�x cos xÞ=x2 and H

2ð Þ
1 xð Þ ¼ ði=x2�1=xÞe�ix. In the quasistatic

limit x1 approaches zero, it can be found that J1 xð Þ ! ð1=3Þx1,

J
0
1 x1ð Þ ! 1=3, H

2ð Þ
1 x1ð Þ ! i=x2

1 and H
0 2ð Þ
1 x1ð Þ!�2i=x3

1.

Define x2�h and F hð Þ¼ 2 sinh�hcoshð Þ½ �= h2�1
� �

sinhþ h
�

cosh�, the coefficient for the spherical harmonics in the first Mie

resonance mode can be reduced to

TH
1 ¼ i

2x3
1

3

1� F hð Þ
2þ F hð Þ (5)

By combining Eqs. (2) and (5), the effective permeability of

the composites can be written as

leff ¼ 1þ 3v

F hð Þ þ 2

F hð Þ � 1
� v

: (6)

Equation (6) shows that the effective permeability can be

negative in a proper frequency range in case of suitable

dimensions.

There is only one dielectric sphere in free space when

the volume fraction (m) approaches zero. Under this condition,

the magnetic resonance frequency is equal to the first-order

TE mode resonant frequency given by Mie scattering theory

for a single dielectric sphere. If dielectric constant of the

sphere resonator is 90 and the radius 1.5 mm, the first order

free resonant frequency is calculated to be f¼ 10.54 GHz.

B. Dielectric resonator theory of high dielectric
spheres

The origination of negative permeability can also be

interpreted in the view of dielectric resonator theory, being

consistent with Mie theory. The first resonant mode of the

dielectric sphere resonator is TE101 mode. The characteristic

equation can be written as

x2J1 x2ð Þ½ �
0

l2J1 x2ð Þ
¼ ½x1H

2ð Þ
1 x1ð Þ�

0

l1H
2ð Þ

1 x1ð Þ
: (7)

By solving this equation, we have f¼ c/2r
ffiffiffiffi
er
p

. As the per-

mittivity of the sphere resonator is 90 and the radius 1.5 mm,

the resonant frequency of TE101 mode is f¼ 10.54 GHz. It is

equal to the first order free resonant frequency of TE mode

given by Mie scattering theory. Thus, we can conclude that

both Mie theory and dielectric resonator theory play impor-

tant roles in generating negative effective parameters.

C. Dielectric resonator theory of high dielectric cubes
and square rods

Rectangular dielectric resonators (RDR) rather than

sphere ones are studied in present work because they can be

easily fabricated. The resonant modes of rectangular dielec-

tric resonators are mainly TEmn(sþd) and TMmn(sþd). The first

modes are TE11d and TM11d, respectively.

The frequencies of TEmn(sþd) modes can be calculated

using the following formulas:

f0 ¼
c

2p
ffiffiffiffi
er
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mp
a

� �2

þ np
b

� �2

þ sþ dð Þp
l

� 	2
s

; (8)

kzl ¼ spþ 2tg�1 az

kz

� 	
; (9)

k2
z þ a2

z ¼ er � 1ð Þk2
0; (10)

k0 ¼ 2pf0=c; (11)

where a, b and l are dimensions of the RDR, er the relative

permittivity of the RDR. For a dielectric cube with

a¼ b¼ l¼ 2.4 mm, er¼ 100, the calculated frequency of

TE11d mode is 9.69 GHz, being similar to the frequency

simulated by HFSS (10.28 GHz, the relative error is 4%).

For a square rod with a¼ 10.16 mm, b¼ l¼ 1.5 mm,

er¼ 100, the calculated frequency of TE11d mode is 11.95

GHz. By substituting kzl¼ spþ 2tg�1 (eraz/kz) for Eq. (9),

the frequency of TM11d mode is found to be 10.16 GHz.
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III. SIMULATION AND ANALYSES

The proposed LHM is based on the assumption that the

cubes under the first resonant mode produce a negative per-

meability, while the square rods under the second resonant

mode produce a broadband negative permittivity. In princi-

ple, microwave dielectric ceramics with high permittivities

and low losses can be used to achieve left-handed bands by a

proper design. In this paper, magnesium titanate lanthanum

doped barium strontium titanate (BST-LMT) with e2 � 100,

tan d � 0.0016 around 10 GHz is used as inclusions embed-

ded in a matrix with e1¼ 2.67, tan d¼ 0.006. The parameter

retrieval method, transmission spectra method and wedge-

shaped negative refraction method are used to determine the

left-handed properties.

As shown in Fig. 1, the proposed model, consisting of

BST-LMT cubes and square rods, is displayed in an X-band

waveguide. The model is designed and calculated by a

full wave finite element method (FEM) simulator (Ansoft

HFSS). The X-band waveguide with a cross-section of

22.86� 10.16 mm2 works in 8�12 GHz. The boundary con-

dition of the side walls of the waveguide is set as perfect

electric conductor (PEC). The mode excited in the wave port

is TE10 mode. The simulator can give S parameters and elec-

tromagnetic field distributions with a high accuracy when the

convergence condition is satisfied.

Both the S parameters and the retrieved effective elec-

tromagnetic parameters are described in Fig. 2. The medium

with both cubes and square rods has a passband around

10 GHz. The retrieved parameters demonstrate that this pass-

band is left-handed due to simultaneous appearances of neg-

ative refractive index, negative effective permittivity and

negative permeability.

The transmission spectra for the LHM and individual

inclusions are given and compared in Fig. 3. Left-handed

band can be determined intuitively by comparing the trans-

mission spectra. The retrieved parameters for individual

cubes and square rods reveal the origination of negative per-

mittivity and negative permeability.

From Fig. 3(a), it can be found that there is a stop band

around 10 GHz for cube-only and rod-only cases. The

FIG. 1. (Color online) (a) Geometrical parameters of the LHM are:

a1¼ b1¼ l1¼ 2.4 mm, a2¼ 10.16 mm, b2¼ l2¼ 1.5 mm, A¼ 22.86 mm,

B¼ 10.16 mm, d¼ 4.24 mm. (b) LHM with six layers is displayed in an

X-band rectangular waveguide working in the TE10 mode.

FIG. 2. (Color online) The simulated transmission spectra and effective pa-

rameters of the proposed model. (a) Magnitude of the simulated S parame-

ters, (b) retrieved refractive index, (c) effective permittivity, (d) effective

permeability.

FIG. 3. (Color online) Comparison of transmission spectra and effective pa-

rameters. (a) Transmission spectra for the composites with both cubes and

square rods (solid line), only cubes (dashed line) and only square rods (dot-

ted line). (b) Retrieved permittivity of the composites with only square rods.

(c) Retrieved permeability of the composites with only cubes.
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effective permittivity for square rod only is negative in the

range of 9.8�12 GHz. The electric response of rod-only is

similar to that of metal wires (Drude model). Thus, it give

rise to a super wide stop band [Fig. 3(b)]. The composite

with only cubes inside has a magnetic resonance nearby 10

GHz. The effective permeability is negative in part of the

antiresonant frequencies range, leading to a narrow stop

band, as shown in Fig. 3(c). To realize a left-handed pass-

band, two stop bands are combined together by using the

composite with both cubes and square rods inside.

We further prove that the proposed medium has negative

refraction by simulating the electric field distribution of a

wedge-shaped composite. As shown in Fig. 4(a), the wedge-

shaped sample is made of left-handed medium consisting of

high dielectric cubes and square rods. It contains 10 unit

cells along the direction of the incident wave and is placed in

a parallel-plate waveguide. The electric field distribution at

10.3 GHz is obtained by simulation. The EM wave, which is

incident from the bottom wave port, has a positive phase ve-

locity (þy direction) in vacuum while a negative phase ve-

locity (�y direction) in the LHM medium. The image clearly

shows that the wave has a negative refraction at 10.3 GHz.

By measuring the refractive angles and applying Snell’s law,

the refractive index is calculated to be �1.22, which is con-

sistent with the retrieved one. Figure 4(b) shows a wedge-

shaped medium consisting of square rods. This medium has

a stop band nearby 10.3 GHz. Further investigations demon-

strate that this medium has a negative permittivity.

For a square rod with e¼ 100, a¼ 10.16 mm (along the

electric vector), b¼ l¼ 1.5 mm, the calculated frequencies

for TM11d mode and TE11d mode are 10.16 and 11.95 GHz,

respectively. Figure 5 shows that the square rod produces a

wideband plasma resonant behavior, which is as same as the

electric response of a metallic rod array. This kind of broad-

band plasma resonant behavior is derived from two contra-

directional displacement currents generated by modulated

TE11d mode. The TE11d mode is modulated by a good con-

tact between the square rods and the inner walls of the wave-

guide. The permittivity is negative with an extreme low loss

in 10.16�11.95 GHz.

As mentioned at the beginning of this section, negative

permeability is derived from the first resonant mode of high

permittivity cubes. For a cube with e¼ 100, a¼ b¼ l¼ 2.4

mm, the calculated d of TE11d mode is 0.7021 and the fre-

quency 9.87 GHz. The frequency (9.87 GHz) given by

dielectric resonator theory has a relative error of 4% to the

first resonant frequency (10.28 GHz) by HFSS simulation.

We can therefore infer that the first resonant mode is TE11d

mode. The field distribution in Fig. 6 proves that the resonant

mode is indeed TE11d mode and reveals how the negative

permeability comes out.

As expected from Mie resonance theory, the first order

Mie resonance occurs when the frequency of the incident

wave is equal to the frequency of the first order TE partial

wave of the cube. The resonant mode is TE11d mode. Under

this mode, an annular electric field is generated inside the

cube. The electric field induces a strong annular displace-

ment current. Meanwhile, the annular displacement current

inspires a strong magnetic field, which makes the dielectric

cube equivalent to a magnetic dipole in the far field region.

Then, the negative permeability can be achieved near the

anti-resonance region of a magnetic dipole resonance.

FIG. 4. (Color online) Transmission characteristics of the wedge-shaped

composites. (a) Wedge-shaped composite with cubes and square rods inside

demonstrate negative refraction and negative phase velocity at 10.3 GHz.

(b) Wedge-shaped composite with square rods inside demonstrate a stop

band at 10.3 GHz.

FIG. 5. (Color online) Displacement currents and retrieved parameters of

modulated TE11d mode. (a) The distribution of displacement currents of the

square rods at 10.12 GHz. (b) Retrieved effective permittivity of the square

rods.

FIG. 6. (Color online) Simulated field distribution in the cube resonator. TE

wave propagate along the y axis, with the magnetic field and electric field

polarized along the x and z axis, respectively. (a) Electric field distribution

in the y-o-z plane. (b) Magnetic field distribution in the x-o-y plane. (c) Dis-

placement current distribution in the y-o-z plane. (d) Retrieved effective per-

meability of the cube.
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IV. EXPERIMENTAL VERIFICATION

A dielectric ceramic material, Ba0.6Sr0.4TiO3-La(Mg0.5-

Ti0.5)O3, was used to fabricate the dielectric inclusions for

its high permittivity and low loss at microwave frequencies.

Ba0.6Sr0.4TiO3 (BST) and La(Mg0.5Ti0.5)O3 (LMT) were

mixed in a proper proportion to decrease the loss. The BST/

LMT powder was synthesized by a conventional solid state

ceramics process. The analytically pure BaCO3, SrCO3,

TiO2, MgO and La2O3 were mixed in stoichiometric propor-

tion to prepare Ba0.6SrTiO3 and La(Mg0.5Ti0.5)O3, respec-

tively. Then they were ball-milled for 12 h with ethanol and

ZrO balls as the milling medium. The mixed BST powder

and the mixed LMT power were calcined at 1200 and 1400
�C for 2 h, respectively, after drying and sieving to form the

crystalline powder. BST and LMT were mixed by a propor-

tion of 0.7BSTþ 0.3LMT. After this, a 5% PVA solution

was added for granulation. After 3 h sintering at 500 �C for

latex drainage, the ceramic was obtained by sintering at

1500 �C in the air for 6 h. The microwave scattering parame-

ters were measured in a TE01d mode cylindrical cavity by an

HP8720ES network analyzer. The parameters of the pre-

pared cylindrical ceramic with a height 5.48 mm and a diam-

eter 5.18 mm were measured and calculated as follows: the

resonant frequency f0 is 5.085 GHz, quality factor Q 632, rel-

ative permittivity e 103, and loss tan d 0.0016.

It can be seen that the prepared ceramics totally meet

the needs of fabricating an all-dielectric LHM. Then, the

ceramics were cut into cubes and square rods with the

dimensions 2.4� 2.4� 2.4 mm3 and 10.16� 1.5� 1.5 mm3,

respectively. The matrix is made of ABS plastic with

e1¼ 2.67 and tan d¼ 0.006. The LHM composite and the

measurement system are shown in Fig. 7.

The waveguide-based measurement system is composed

of an X-band rectangular waveguide and an HP8720ES net-

work analyzer. The fabricated sample with a cross section of

22.86� 10.16 mm2 and a thickness of 4.24 mm is placed in

the waveguide. The measured results are plotted in Fig. 8.

As shown in Fig. 8(a), there is a transmission passband

around 10 GHz, being consistent with the simulated results

in Fig. 2(a). The retrieved refractive index [Fig. 8(b)] is neg-

ative between 9.97 and 10.4 GHz. The effective permittivity

has a wide negative band below the plasma frequency while

the effective permeability is negative in 9.99�10.17 GHz.

The left-handed bandwidth is restricted by the bandwidth of

negative permeability regime. Thus, the way to achieve

wideband permeability is meaningful for a further study in

the future. The measured permittivity [Fig. 8(c)] is different

from the simulated permittivity [Fig. 2(c)] below 9 GHz.

This difference is mainly because the square rods are not

contacted well with the side walls of the waveguide. The

measured results demonstrate that the composite cube/rod

all-dielectric structure can realize left-handed properties.

V. CONCLUSIONS

We have fabricated a novel all-dielectric left-handed

metamaterial. The LHM is composed of dielectric cubes and

square rods using microwave ceramic with high permittivity

and low loss. The proposed LHM can be easy to scale up to

infrared and optical frequencies with proper dielectric inclu-

sions. By retrieving the effective permittivity and permeabil-

ity, we demonstrate that the composite possess a double-

negative regime. Negative refraction is found in the simula-

tions of the wedge-shaped composite. The refractive index

obtained by the Snell’s law is in good agreement with the

retrieved parameters. Furthermore, a backward wave trans-

mitted in the wedge-shaped composite is observed through

the animated electric field distribution. The origination of

negative permeability and permittivity is discussed using Mie

theory and dielectric resonator theory. Finally, our designed

experiment proves the validity of the simulation results. The

proposed method provides a way to the design of all-dielectric

metamaterials with negative refractive index, negative permit-

tivity and negative permeability simultaneously.
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FIG. 7. (Color online) (a) The fabricated all dielectric LHM. (b) The HP

8720ES analyzer based X-band rectangular waveguide testing system.

FIG. 8. (Color online) The measured transmission spectra and retrieved

effective parameters of the fabricated LHM sample. (a) Magnitude of the

measured S parameters, (b) retrieved refractive index, (c) effective permit-

tivity, (d) effective permeability.
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